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ABSTRACT 
This thesis is concerned with structural studies of ferroelectric 
'crystals, in particular the tetragonal paraelectric and orthorhombic 
ferroelectric phases of KH2PO4, KD2PO4 and RbH2PO4 and the cubic 
paraelectric phase of Cu3B7013C9. and Ni3 B7 01 3I, using both neutron 
powder and single-crystal diffraction techniques. 
The methods of constrained least-squares refinement and signifi-
cance testing are discussed since these techniques were used to deter-
mine the significance of certain structural features of interest in 
the single-crystal studies. 
Structural studies of tetragonal KH2 PO4 , KD2 PO4 and RbH2 PO4 
at atmospheric pressure revealed marked isotope and temperature effects 
on many of the structural features tested. On increasing pressure the 
PO4 groups in tetragonal KH 2 PO4 and KD2PO4 rotate such that the 
0-H,D.....0 distance does not, within error, change. This may well 
explain the unexpectedly small pressure-dependence of S . , the tunnell-
ing frequency of a proton (deuteron) in the absence of any coupling, 
and no , the collective tunnelling mode frequency, reported by Peercy. 
In the orthorhombic phase the H ions order onto one of their 
two possible sites in the tetragonal phase. The d.ispacements of the 
K, P and 0 ions are related to the choice of site of the H ion 
on the O-.....O bond. P-0(2) is significantly longer than P-0(l), 
the difference is smallest in KD2 PO4 . 
It is shown that it is not necessary to postulate disorder to 
explain the crystal structure of N1 3 B7 013 1 at 77° K. For CU3B7 0 13.CRI  
boracite it was not possible, within the resolution of the experiment 
to distinguish between the tetrahedral disorder or anharmonic (123 
third cuxnulant) models for the distribution of the halogen ion. 
Increasing anharmonic effects were found as X I C2,. 
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The object of this study is to contribute to the understanding 
of the mechanisms of structural phase transitions by the application 
of the methods of crystal structure analysis to the paraelectric and 
ferroelectric phases of ferroelectric crystals. 
In particular this work is concerned with the determination of 
the crystal structures of members of the KH 2 PO4 and boracite (i.e. 
Mg3 B7033C1) families, using the techniques of neutron diffraction. 
Both neutron powder and single-crystal diffraction methods were app-
lied and, within the limitations of the data collected, a comparison 
was made of the suitability of these two techniques for structural 
studies of ferroelectric crystals. Included in this work is - the deter-
mination of the crystal structures of KH2PO 4 and KD2 PO4 at high 
pressure ( 25 k bar ). Such experiments are novel, in that they are 
thought to be the first detailed structural studies, by neutron 
powder diffraction techniques, of ferroelectrics at high pressure. 
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1.2 Ferroelectricity and ferroelectric phase transitions 
A phase, in the solid state, may be identified by its structure. 
A phase transition, therefore, is a transition involving a change of 
structure. The differences between the crystal structures of the phases 
on either side of the transition may be large or small, and may result 
from a partial or complete rearrangement of atoms or from only a small 
change in the atomic positions. Theories of transitions are more 
easily evolved when there are only small structural differences between 
the two phases, since this usually results in only small perturbations 
to the crystals' dynamics. Since small atomic displacements are more 
likely to be reversible by an externally applied electric field, a 
high proportion of these transitions are ferroelectric transitions. 
A ferroelectric crystal may be defined as a crystal which 
possesses a spontaneous electric polarisation that can be reversed by 
an externally applied electric field. For a crystal to be able to 
possess a polarisation in the absence of any applied electric field or 
stress, it must belong to one of the ten pyroelectric crystal classes. 
However being pyroelectric is only a necessary and not a sufficient 
condition for a crystal to be ferroelectric: strictly only pyro-
electric crystals whose spontaneous polarisation can be reversed by an 
applied electric field are ferroelectric. 
Many ferroelectrics possess a spontaneous polarisation only in 
certain temperature ranges. The phases with and without a spontaneous 
polarisation are referred to as ferroelectric and paraelectric respec-
tively. The temperature, T, at which the transition to the ferro-
electric phase occurs is known as the Curie temperature or Curie point. 
In general the crystal symmetry is lowered on passing into the ferro- 
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electric phase. 
There is an anomaly in the static dielectric constant, c(0), 
of the crystal, when measured in the direction of the spontaneous 
polarisation, on passing into the ferroelectric phase. As T is 
approached the falling off of c(0) in the paraelectric phase gener-
ally follows a Curie-Weiss Law, 
e(0) a (T-T0) 	 (1.1) 
where T0 is the Curie-Weiss temperature. In the case of a second 
order phase transition (see below) To is the same as the transition 
temperature T  while in the case of a first order transition T o 
is lower than T 
C 
A ferroelectric crystal may have transitions between two or more 
ferroelectric phases and also may have none, one or more than one 
paraelectric phase e.g. quartz has only one transition while barium 
titanate (BaTiO 3 ) and sodium nitrte (NaNO 2 ) have several phases 
between their lowest-symmetry and highest-symmetry forms. Other 
interestingexamples are rochelle salt, sodium potassium tartrate 
tetrahydrate (NaKC4H6 iH2 0), which is ferroelectric between 255° K 
and 297° K and ammonium hydrogen sulphate ((I'TH4)HSO 4 ) which is 
ferroelectric between 15)4°K and 270° K (Jona and Shirane, 1962). 
In its ferroelectric phase a crystal normally has a twin struc-
ture consisting of regions which have spontaneous polarisation with 
positive and negative polarity. These regions are known as domains 
and the boundary between them is called a domain wall, The applica-
tion of an external electric field causes the domain walls to be 
displaced so that the volume of domains with the spontaneous polarisa- 
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tion parallel to the electric field increases. 
A phase transition can be first or second order (Pippard, 19614). 
In a first order transition the entropy, volume, polarisation and 
structure change discontinuously at the transition point. In a second 
order transition entropy, volume and polarisation change continuously 
while the temperature derivatives of these quantities show discontin-
uities. 
Landau (1931) suggested that structural phase transitions are 
describable in terms of an order parameter r whose appearance at the 
Curie point breaks the symmetry of the paraelectric phase. In phase 
transitions of 'proper' ferroelectrics the order parameter is the 
spontaneous polarisation. "Improper" ferroelectrics are crystals for 
which the order parameter of the phase transition (the primary order 
parameter) is not the spontaneous polarisation; the polarisation is a 
secondary order parameter appearing subordinately as a result of a 
coupling with other order parameters (Dvorak, 1970). Therefore improper 
ferroelectrics give examples of 'coupled phase transitions' - transitions 
involving more than one order parameter. When:considering such coup-
ling between primary and secondary order parameters, two cases can be 
distinguished: (a) where both have the same symmetry as is the case 
in KH2 PO4 and (b) where both have a different symmetry as in the 
case of boracites. 
The relative atomic displacements at a ferroelectric transition 
are generally very small. This arises from the pseudo-symmetric 
nature of the structure in the ferroelectric phase and is to be expec- 
ted since the polarisation in the ferroelectric phase must be reversible 
by an externally applied electric field. (A pseudo-symmetric structure 
is one which differs from a structure of higher symmetry by only 
min 
small displacements of the atoms.) 
The mechanisms of ferroelectric transitions are various. 
Hydrogen-bonded ferroelectrics often display order-disorder trans-
itions as in KH2 PQ: the hydrogens are distributed over two possible 
sites in the paraelectric phase, and are ordered in the ferroelectric 
phase. This need not always be the case: in ammonium hydrogen sul-
phate NH4HSO4 the hydrogen bonds as a whole are involved in the 
ordering of the HSO4 groups (Nelmes, 1971). The higher symmetry 
phase may also be achieved by small atomic displacements without 
disorder (so-called displacive transitions) as in barium titanate and 
quartz. 
The difference between purely displacive and order-disorder 
transitions becomes uncertain when the site separation of the relevant 
disordered atoms becomes comparable with the mean thermal amplitude of 
these atoms. In general, many hydrogen-bonded ferroelectrics have 
clearly order-disorder transitions while other compounds like the 
double oxides such as BaTiO 3 are generally held to have displacive 
transitions. However, the distinction between the displacive and order-
disorder transitions is not now drawn as sharply as it once was. 
The theories of ferroelectricity may be divided into two groups, 
the phenomenological theories and the model theories. Phenomenological 
theories attempt to derive useful relationships between the various 
macroscopic properties of the crystal using as few parameters as poss-
ible. The phenomenological theories for ferroelectricity started with 
Mueller's theory (19 1 0) for Rochelle salt and Devonshire's theory for 
BaTiO3 and were summarised by Devonshire (195 1 ). However since they 
are independent of any particular microscopic model, phenomenological 
theories give no direct insight into the phase transition mechanism of 
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the material under consideration. 
Model theories, on the other hand, attempt to derive the macro-
scopic properties of crystals in terms of their structure and atomic 
forces. Many model theories have applied only to one material, e.g. 
Slater's theory of KH 2 PO4 (19 1 1). Slater's theory although quite 
successful as applied to KH 2 PO4 cannot explain the large increase in 
T on deuteration (i.e. the substitution of deuterium for hydrogen in 
KH2PO4) or why NH4H2PO4 - isomorphous in the paraelectric phase - 
is not ferroelectric. 
A more general approach to the theory of ferroelectric phase 
transitions wa..s proposed by Cochran in 1960 based on the fact that the 
Lyddane-Sachs-Teller formula (Lyd.dane, Sachs, Teller, 191), 
LO 	E (0) 
	
= :(o:) 	 (1.2) 
TO 
implies an anomaly in the lattice vibrational spectrum of ferroelectric 
crystals at T 	(Forlich, 1919) (w LOand WTO are the frequencies 
of the longitudinal optic and transverse optic modes of wave vector 
= 0, c(0)tsstatic dielectric constant and c(c) is the higli-
frequency dielectric constant). Since c(0) goes as (T-T0), follow-
ing the Curie-Weiss law, as the phase transition temperature is 
approached c(0) diverges and so WTO must tend to zero. The trans-
ition in ferroelectric crystals could therefore be regarded as the 
instability of the crystal for a particular normal mode of vibration, 
often referred to as the soft mode. The "frozen in" soft mode dis-
placements determine the structure of the low-temperture phase. 
Although originally this theory was expected to be useful only for 
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displacive transitions, it was later extended by Cochran (1961) to 
include crystals with order-disorder transitions such as K11 2 PO4 . 
Support for this theory of ferroelectric phase transitions came 
from experiments on SrTiO 3 (Cowley, 1962) and KH2PO4 (Kaminow and 
Damen, 1968) where modes with the characteristics of soft modes were 
found. The soft mode in KH2PO4 was observed by Kaminow and Damen as 
a heavily damped response centred at w = 0 in the Raman spectrum. 
It was later demonstrated by Katiyar, Ryan and Scott (1971) that the 
soft mode, in crystals isomorphous with KH2 PO4 , was strongly coupled 
to an optic mode of the lattice. 
In spite of the large number of studies, theories and criticisms 
written on ferroelectric materials, the dynamical processes in these 
crystals and their relations to ferroelectric behaviour are still not 
very well understood - as discussed later in Chapters I and 5. 
1.3 The present work 
A comprehensive consistent theory of structural phase transitions 
should be able to predict changes in a crystal's properties on varia-
tion of temperature and pressure and between the various isomorphous 
compounds. 
Potassium dihydrogen phosphate, KH 2 PO4 , and its isomorphs 
comprise an important class of hydrogen-bonded ferroelectrics whose 
properties have been the subjects of extensive theoretical and experi-
mental investigations. Important changes of dielectric behaviour, 
dynamical response and presumably of structure are obtained on varia-
tion of deuteration level, temperature and pressure. Isotopic and 
-8- 
isomorphic substitutions lead not only to a considerable change in thea 
ferroelectric transition temperature, Curie constant and saturated 
spontaneous polarisation but also to a change in the character of the 
phase transformation. Recent studies have emphasised the importance 
of pressure as a variable in studying the properties of these crystals 
(Peercy, 1973). 
The transitions in the boracite family have also attracted a 
considerable amount of research in recent years. Because of this a 
programme of crystal structural studies of the coupled phase transi-
tions in boracites was initiated at Edinburgh University with the aim 
of obtaining a better determination of the structural changes associa-
ted with the transition from the paraelectric (cubic) - ferroelectric 
(orthorhombic) phase: the nature of this improper transition had been 
the ubject of considerable debate because of uncertainty as to the 
crystal structure in the cubic phase. 
In order to gain a better understanding of the mechanism of 
ferroelectric phase transitions it is important that the theories of 
the transition in these materials be based on accurate structural 
models. The work reported in this thesis is intended to contribute to 
serving that general need. Specifically the following crystal struc-
ture determinations are described: the tetragonal paraelectric and 
orthorhombic ferroelectric phases of KH2 PO4, KD2 PO4 and RbH2 PO4 
at selected temperatures and atmospheric pressure; the paraelectric 
phase of KH2 PO4 and KD 2 PO4 at room-temperature and high pressure 
( 25 kbar); and the cubic paraelectric phase of Cu3B7013C1 and 
Ni3 B7 Oi 31. The temperature dependence of the structure of the mono-
clinic phase of KD 2 PO4 has also been investigated. 
The structural approach to the problem of understanding ferro- 
electric phase transitions attempts to identify the time-averaged 
distribution of the atoms in both the paraelectric and ferroelectric 
phases thereby revealing changes in the form (e.g. order-disorder) 
and position (i.e. atomic displacements) of the distribution at the 
transition. Similarly a comparison of structural studies well above, 
and near to, the transition can reveal any small changes in structure 
as the transition is approached. 
Neutron diffraction techniques were used exclusively for the 
experiments described in this thesis for a variety of reasons (see 
section 2.1). However of par,icular importance is the fact that the 
atomic scattering lengths for neutrons, unlike X-rays, can be assumed 
to be constant with scattering angle and so neutron diffraction offers 
the possibility of much better high angle data and so better direct-
space resolution. This is important since the main problems in 
structural studies of ferroelectric transitions stem from the pseudo-
symmetric nature of the transition in the ferroelectric phase. The 
neutron method is also particularly useful in the study of compounds 
containing light atoms (e.g. hydrogen in NH 2 PO4 and boron in bora-
cites) since the light atoms can readily be located in the presence of 
heavy atoms due to the fact that the coherent neutron scattering ampli-
tudes are independent of atomic number. 
In Chapter 2 the methods of data collection and least-squares 
refinement are described (for both single-crystal and powdered samples). 
The methods of constrained refinement and significance testing are 
described since they will be used later to evaluate the various 
proposed structural models. 
The sample preparation and, where necessary, testing are described 
in Chapter 3. 
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In Chapter 4 the structure and properties of, and research on, 
the KH2 PO4-family are reviewed. The structural studies of the KH2 PO4 
type crystals are described and then the changes of structure with 
temperature and pressure in the paraelectric phase and the differences 
in structure between the paraelectric and ferroelectric phases are 
discussed. Constrained refinement and significance testing techniques 
are used to assess the various structural models. 
The properties of boracites are reviewed in Chapter 5 and an 
account of the crystal structure determination of cubic Cu3B70 1 3CL 
and Ni3B 7 0 1 3I is given. As in Chapter I certain structural features 
of interest are tested using the techniques of constrained refinement 
and significance testing. 
Chapter 2 
Methods of Study 
CHAPTER 2 
METHODS OF STUDY 
2.1 Introduction 
In this chapter the instruments used and the methods of data 
collection and refinement are described for both the single crystal 
and powder techniques of crystal structure determination. 
The experiments described in this thesis were all carried out 
using neutron diffraction techniques, these being preferred to X-ray 
techniques for a number of reasons. Since neutrons are scattered 
essentially by atomic nuclei,the scattering power does not vary in a 
regular manner with the atomic number, and therefore light atoms have 
scattering amplitudes which are comparable with those of heavier 
elements; this contrasts with X-ray scattering which is dependent on 
the atomic number. For X-ray scattering the form factor dependence 
on 	 limits the obtainable resolution; neutron scattering on 
the other hand is isotropic. Neutron diffraction places fewer restric-
tions on the design of cryostats, furnaces and pressure cells than does 
X-ray diffraction and therefore structural studies away from room 
temperature are more easily performed using neutrons. Neutron diffrac-
tion was therefore particularly suitable for the structural studies, 
of the ferroelectrics, described in Chapters 4 and 5 (i.e. structural 
studies of pseudo-symmetric phase transitions of materials containing 
light elements (viz, hydrogen, deuterium or boron) away from room 
temperature or at high pressures). The principal disadvantage of 
using neutrons is that the available flux is much lower than a typical 
X-ray flux; the difference necessitates the use of larger samples and 
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longer counting times when neutron diffraction is used. (The result-
ing problems are discussed in Section 2.2.) 
Generally the accuracy aimed at demanded single-crystal work, 
but there are some situations for which powder diffraction has advan-
tages - or indeed where single-crystal methods are not yet available. 
Both single-crystal and powders were used as specimens for the studies 
of the KH2 PO4 family. When a single-crystal of the KH2PO4 family 
is cooled through its ferroelectric transition it will become a 
mosaic of domains of different orientations. In order to collect 
single-crystal diffraction data it is necessary to pole the crystal by 
applying an electric field along the c-axis and also to apply mechani-
cal constraint. This technique has been successfully used to determine 
the crystal structure of orthorhombic KH 2 PO4 (Bacon and Pease, 1955) 
but ±5 a complicated and difficult procedure. The powder method com-
pletely overcomes this problem and was therefore used to study the 
orthorhombic structures of KD 2 PO4 and RbH2 PO4. The use of a powdered 
sample was also preferred for the structural studies of KH 2 PO4 and 
KD2PO4 at high pressure since the diffraction geometry for a powder 
diffractometer (see Section 2.14.1) greatly simplifies the design and 
use of the pressure cell. 
The powder method of structure determination is, however, not 
without its limitations. The relative advantages and disadvantages of 
using powders or single crystals will be discussed. 
2.2 Neutron Diffraction 
In crystal structure determination it is necessary to use radia- 
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tion which has a wavelength comparable with the interatomic spacing of 






where E =m v 2  and h is Plank's constant. Therefore the neutron n  
energy required to give wavelengths of approximately iA is of the 
order of 0.1 eV. Such neutrons can be readily obtained from a nuclear 
reactor where in thermal equilibrium with the atoms of the moderator, 
they have a velocity given by 
mv2 = KBT 
	
(2.2) 
where K3 is Boltzmann's constant. The spectrum of neutrons emitted 
from a nuclear reactor through a collimator inserted in the reactor 
face has a Maxw'ellian distribution and consists of a range of wave-
lengths as shown in Figure 2.1. 
Specific narrow wavelength bands may then be selected from this 
'white' spectrum by using a crystal monochromator. Ideally the mono-
chromating crystal should have a high intrinsic reflectivity and a 
mosaic spread matching the angular divergence of the neutron beam thus 
giving maximum intensity while not impairing the possible resolution. 
As shown in Figure 2.1 the wavelength chosen is normally below that at 
which the intensity is a maximum thus minimising any possible . 
contamination of the reflected beam. The resulting monochromatic beam 
is then further collimated before striking the sample (see Figure 2.2). 
Discrete values of A may be obtained by varying the orientation of 
Figure 2.1 	The intensity distribution for a neutron beam emerging 
from a reactor versus wavelength. The wavelength usually selected by 
a monochromator is indicated. 
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Figure 2.2 	Schematic diagram of neutron diffraction assembly 
showing the 'parallel' arrangement used for measuring the Bragg 
reflections of a single crystal sample. 
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the monochromator to change the reflecting plane used and so change. 
the interplanar spacing. As a result of the heavy shielding required 
around the monochromator, this arrangement with 0 fixed and d var-
iable is more commonly found than that where O M can be varied to give 
a continuous range of wavelengths. 
The finite divergence of the reflected beam and the relatively 
large monochromating crystal used allow a narrow band of wavelengths 
to fall on the sample - thus a focussing effect is introduced. The 
width of the reflection from the sample is minimised when the 'parallel' 
arrangement is chosen i.e. the beam incident on the sample is reflected 
back into the direction of the 'white' neutron beam before monochromat-
isation (as in Figure 2.2). The reflection width is a minimum when €3, 
the angle of reflection from the sample, is equal to OM:  at this so-
called focussing position the reflected peak width is then determined 
only by the mosaic spreads of the monochromator and the sample. The 
value of e is chosen to make the width of Bragg peaks beyond the 
focussing position (0 > °M approximately equal to that of the low 
angle peaks; since high angle reflections are reduced more by thermal 
vibration, 
0M  is normally chosen to be towards the top of the 0 
range to be measured (see Arndt and Willis, 1966 p.208-212). 
The neutron flux from a nuclear reactor is several orders of 
magnitude lower than a typical X-ray flux, the scattering cross-sections 
are also lower for neutrons than for X-rays, and so in order to obtain 
reasonable counting statistics relatively large specimens, normally 
several millimeters in diameter, have to be used. In measuring integr-
ated intensities from crystals, systematic errors canarise due to the 
effects of absorption, primary and secondary extinction, simultaneous 
reflections and thermal diffuse scattering. In general, the effects of 
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secondary extinction and simultaneous reflections are more serious 
for neutron scattering while that of absorption is less serious for 
neutron scattering than for X-ray scattering. 
A neutron beam is attenuated by absorption in passing through 
a crystal with the result that the observed intensity of a given 
reflection is reduced by an amount which depends on the path lengths 
through the crystal and the mean absorption coefficient of the crystal. 
The absorption factor is then 
V 
kl 	Jxp[-p(ti+t2)]dv 	 (2.3) 
where V is the crystal volume, t1 and t2 are the pathlengths of 
the incident and reflected beams and 'i is the mean linear absorption 
coefficient for the crystal. 
In neutron diffraction only a few elements (e.g. Lithium, 
"Boron, Cadmium and Gadolinium) have relatively high values of p and 
so, in general, the effect of absorption is negligible. If an absorp-
tion correction is thought to be necessary, the correction of the 
observed intensities is most conveniently applied when the crystal 
is ground into a spherical or Cylindrical shape, when using a four-
or two-circle diffractometer respectively. 
Extinction arises from the attenuation of the incident neutron 
beam by Bragg reflection within the crystal and can be divided into 
two classes. Primary extinction is the attenuation of the neutron 
beam in a perfect crystal by interference between multiply scattered 
beams. In general most crystals are not perfect but are permeated 
with irregularities such as dislocations and point defects which have 
the effect of dividing the crystal into small mosaic blocks. Primary 
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extinction is then relatively small compared with secondary extinction 
which is simply the progressive attenuation of the neutron beam by 
Bragg scattering from Similarly orientated mosaic blocks. It follows 
that the reflections most affected by secondary extinction are those t4tk 
highest reflectivity. The correction factor for secondary extinc-
tion incorporated in the least squares program and used for all the 
single crystal refinements is described in Appendix A. 
Multiple reflection occurs when the Bragg reflection condition 
is simultaneously satisfied for more than one family of planes and can 
cause either an increase or a decrease in the observed intensity. 
Scattering by a second reflection can reduce the neutron flux available 
for scattering by the main reflection being measured. However scatter-
ing by a third reflection can divert the flux back into the primary 
reflected beam thus increasing the observed intensity. Since the 
correction of measured intensities for multiple reflection is compli-
cated it is better to try to avoid their occurreftce whenever possible. 
A precaution taken in the single crystal experiments described in 
Chapters 4 and 5 was that the crystal was purposely not mounted with 
a symmetry axis parallel to the $' (or goniometer head) axis of the 
diffractometer. 
The thermal diffuse scattering (TDS) from a crystal rises to a 
maximum at the same position as the Bragg peak. This maximum origin-
ates in the 1/w2 (q) dependence of the first order scattering by 
lattice vibrations (Willis, 1975). When the normal flat-background 
correction is subtracted from the measured peak intensity (see Section 
2.3) this intensity will be overestimated by the contribution from the 
TDS peak. Although the atomic positional parameters refined are 
unaffected, significant errors in the thermal parameters can result 
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from this inadequate background subtraction. The thermal parameters 
are usually underestimated, as is any refined anisotropy and anharmon-
icity in these parameters. It is however not easy and, if the elastic 
constants of the crystal are unknown, can be impossible to calculate a 
reliable TDS correction. No attempt was made to correct for TDS in 
the experiments described in Chapters 14 and 5 because the principal 
objective was to make an accurate determination of the positional para-
meters. However, when attention is turned to the interesting aniso'tro-
pic and anharmonic thermal motion in boracite crystals it should be 
remembered that the anisotropy and anharmonicity refined has been 
reduced by failure to make an adequate TDS correction. 
2.3 Single Crystal Instruments and Methods 
2.3.1 Diffractorneters and data collection 
The neutron intensity data for the single-crysta1 structural 
studies were collected using either a Hilgerand Watts MK II, or a 
Grubb-Parsons MKVt, four-circle diffractometer. These diffractometers 
use 'normal beam equatorial geometry', since the bulky slow-moving 
detector, heavily shielded against the fast neutron and gamma-ray back-
ground, is then only required to move in the horizontal plane. 
The sample, mounted on a goniometer head attached to the 4 axis, 
is positioned at the centre of the diffractometer which is defined as 
the point of intersection of all the axes of rotation (see Figure 2.3 
a copy of Figure 3 Arndt and Willis, 1966). The 4-.circle can be 
moved round the x—circle, and 4 and x together can be rotated 
Figure 2.3 	Normal-beam equatorial geometry. The crystal is mounted 
on a goniometer-head attached to the 0-axis; the 0 circle moves 
around the vertical X -circle, and the 0 - x assembly rotates as a 
whole about the vertical w-axis. The detector moves in the horizontal, 
equatorial plane and the incident beam is normal to the crystal 
oscillation axis W. The detector moves about the 20--axis, which is 
parallel to andindependent of the w-axis. 
( after Figure 3, Arndt and Willis, 1966 
) 
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about the vertical w-axis. The crystal orientation is determined by 
the 4,, x and w angles which can be set, to a precision of 0.010, 
to bring any diffraction vector into the equatorial plane. The exact 
positioning of the sample at the machine centre was effected by 
adjusting the height of the goniometer head on the 4,- axis and the 
arcs' translation screws. The crystal is correctly positioned when its 
centre of mass does not move on rotation of the 4,-shaft about its axis 
and about the X-shaft. The BF3 counter moves in the horizontal on 
the 20 shaft and can be set to a precision of 0.02 ° . 
The area and position of the beam incident on the sample was 
adjusted by moving the cadmium blinds on the incident beam collimator. 
The final beam dimensions and position were checked by taking photo-
graphs of the sample, marked with a small piece of Cadmium, in the beam. 
The dimensions of the detector aperture were decreased, while repeatedly 
scanning a number of reflections; the final positions chosen were the 
minimum settings which still gave the full integrated intensities of 
the reflections. 
The diffractometers were controlled automatical1yby PDP8 
computers which recorded the neutron counts and other information 
relevant to that particular reflection onto a magnetic tape. A hard 
copy of these data was out -cut Onateletype which could also be used to 
control manually the diffractometer. 
The Bragg reflections which could be measured were limited to a 
range 0-6 max'_  where 0max  is the angle at which the BF3 counter 
obstructs the incident beam collimator. In general reflections were 
measured in the bisecting position i.e. where the perpendicular to the 
plane of the Xcircle bisected the angle between the straight-through 
and the reflected beams. 
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In order to collect neutron intensities at temperatures above room 
temperature e.g. in the structural study of Cu3B 7 0 1 3C1 at 390° K, 
a small three-dimensional vacuum furnace, similar to that designed by 
Hewat (1973) was used. The furnace consisted of a set of arcs with a 
heating element positioned below the crystal, both crystal and heating 
element being enclosed in an evacuated internally-silvered silica-glass 
bulb (see Figure 2J4). The crystal was positioned on top of a thin 
ceramic tube, in the centre of the bulb. The heating element was con-
trolled by connecting it to a temperature controller. The temperature 
of the crystal was measured from a thermocouple attached to the top of 
the ceramic tube. The thermocouple was connected to a temperature 
recorder thus giving a continuous record of the crystals' temperature. 
The furnace was capable of maintaining temperatures of up to I5O ° K 
to an accuracy of ± 2°K. 
For the low-temperature crystal structure studies i.e. Rb 112 PO4 
and 1012 PO4 at T + 5° K, a cryostat was required. In order to 
accomrnoite the large cryostat and its accompanying arcs on the w-shaft, 
the 0 and x shafts had to be removed. It was no possible to 
tip the cryostat by more than a few degrees hence normal-beam inclina-
tion geometry was used (Figure 2.5). A tilting counter which could 
be rotated in the equatorial plane replaced the detector used with the 
four-circle diffractometer. A three-dimensional data set was obtained 
by measuring reflections in layers; different layers being reached by 
adjusting the tilt angle of the detector. The cryostat when used in 
conjunction with a temperature controller could maintain temperatures 
from 4.2° K to 273° K with an accuracy of ± ° K. The design of the 
cryostat limited the number of layers of data which could be collected 
by setting an upper limit on v, the tilt angle of the detector, above 
Figure 2.4 	The three-dimensional vacuum furnace used for the high- 
temperature single crystal studies. 







Figure 2.5 	Normal-beam inclination geometry. The crystal is mounted 
on a goniometer head attached to the 0-axis. The detector moves 
around the 20-axis with a variable tilt angle V. 
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which the scattered beam passed through considerably thicker parts of 
the crystal. 
The profilof all the Bragg reflections measured during the single 
crystal structurelstudies described in Chapters l and 5 were collected 
using an w/20 or moving crystal - moving detector type of scan; the 
detector was geared to move through twice the angle moved by the w-
shaft. The data were collected by stepping through each Bragg peak and 
counting at each step. The integrated intensity for that reflection was 
obtained by adding together the total number of counts recorded and 
subtracting from that total an estimated background level which could 
be determined in one of two ways. If the experiment was carried out at 
room temperature then the background was estimated from small scans 
made at both the high- and low-angle sides of the peak scan. Otherwise, 
in order to detect and avoid possible powder peaks from the cryostat or 
furnace the background level was recorded by offsetting the crystal, 
i.e. the ca-shaft, a few degrees and then repeating the 	/2O scan. 
The number of steps taken in scanning through the Bragg peak must be 
sufficiently large to yield a good approximation to an integration of 
the area under the peak profile. This is especially true near the 
focussing position where the peak width is at a minimum. 
After a regular number of reflections the four shafts were 
returned to their datum positions as a precaution against shaft mis-
setting. Since the incident flux may vary throughout an experiment, 
the time spent at each step was determined by counting for a preset 
number of monitor counts where the monitor, a low-efficiency fission 
chamber placed between the incident beam collimator and the crystal, 
gives a direct measure of the flux. 
The accuracy in the measuremert of a given reflection depends on 
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the integrated intensity of the Bragg peak and on the background 
intensity. Since the standard deviation a of the N counts is N 2 , 
the statistical accuracy may be improved by increasing the monitor count 
per step - i.e. simply counting for longer. The statistical accuracy 
of the observed structure factor is therefore increased and continues 
to be improved until the standard deviation from the counting statis-
tics becomes less than the difference obtained between symmetry-
related reflections. In general, the monitor count per step was chosen 
such that for reflections in the middle of the range of observed inten- 
sities, the structure factor was measured to an accuracy of better than 
2% after averaging over symmetry equivalents. 
The statistical accuracy of the integrated intensity achieved in 
a given total measuring time can be improved by reducing the width of 
the peak scan to minimise the number of background counts included in 
the scan. However allowance has to be made for the Bragg peak appear-
ing off-centre in the scan which can be caused by an error in the cell-
dimensions, an error in the w offset or from shaft missetting. 
The stability of the electronic equipment and experimental 
arrangement was monitored by measuring a specific Bragg reflection, 
designated the standard reflection, at regular intervals throughout the 
experiment e.g. every ten ±eflections. Under stable operating condi-
tions the integrated intensity of this standard reflection should 
remain constant within statistical error. When a tilting counter was 
used a standard in each layer was measured every ten reflections and 
the zero layer standard was measured daily. 
The output from the teletype was checked for spurious counts 
caused by electronic noise in the counting chain. When a spurious 
count was observed the relevant number was replaced by the mean of the 
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numbers on either side. The result was then assessed and the reflec-
tion discarded if the peak profile had been seriously affected in 
any way. 
The Bragg reflections recorded were then converted to observed 
structure factor amplitudes by a program written by Dr Bracher of 
A.E.R.E. Harwell. 
The integrated intensity is obtained by subtracting the estimated 
background from the total count for the Bragg peak, 
n2 
INTI=p.-n2-B 	 (2.4) 
Mi 
where B is the average background level per step 
fl 	 fl3 
+b ii 	2i 1 	
(2.5) 
fl + n3 
where p is the ith peak count, b 1 . and b2 . are the ith counts 
in the low- and high-angle background scans respectively, n1, n2 and 
n3 are the number of steps in the low-angle background, peak and high-
angle background scans respectively, mi aad m2 are monitor counts 
for the peak and background steps. When the background is measured 
- 	 flibi 
using a peak-peak-offset background type of scan B becomes 
1 1 
Normally the monitor count m1 was set equal to m2 and the number of 
steps n3 equal to n 1 • The standard deviation of the integrated 
intensity is then given by 
o(INT I) = (o 2 (p)+a2 (n2 )) 2.( 2.6) 
The integrated intensity of each reflection is inversely proportional 
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to the rate at which the reciprocal lattice vector sweeps through the 
surface of the reflecting sphere. To take account of this effect, the 
integrated intensity was multiplied by a factor, the Lorentz correction 
equal to 	for normal beam equatorial geometry and - sin26 	 cospsinv 
for normal beam inclination geometry (see Figure 2.3 and 2.5). In 
neutron diffraction there is no polarisation effect associated with 
nuclear scattering using an unpolarised incident beam. 
The intensities, now on a common scale, can be equated to the 
square of the modulus of the structure factor, 
IFobs(hk9)I 2 = c.INT I.L 1 	 (2.7) 
where c is an arbitrary scale factor. The IFobs(b)1 2 thus 
reached can be corrected for absorption by using the ABSCOR program of 
the X-ray system of crystallographic computer programs (Stewart, 1972). 
On averaging over symmetry-related equivalent reflections (using a 
program written by Dr F.R. Thornley of this Department, now of Strath-
clyde University) a set of independent structure amplitudes was obtain-
ed. The error associated with each structure amplitude was taken to be 
the larger of the errors estimated (a) from internal agreement of the 
contributing symmetry related reflections and (b) from the counting 
statistics where 
G(IFobs(hIc9)I) - 
c(I Fob s(hkZ)l 2 ) 
- 2 (Fobs(bk 	 (2.8) 
and 
G(lFobs(hk)!2) 	C.L1 [s2 + 
n2  (s+s3)1 
	
(ni+n3)j 	 (2.9) 
where S1 , s2 and 53 are the sums of the counts in the low-angle 
- 2 1 - 
background scan, the peak Scan and the high-angle background scan (and 
m1 	1112). 
The observed structure amplitudes were then compared with structure 
factors calculated from a model of the structure; and the positional 
and thermal parameters were refined using a full-matrix least-squares 
program written by Dr G.S. Pawley of this Department. 
The calculated structure factor F(Q), proportional to the amp-




b. exp(2iH.r(i)) 	 (2.10) 
where Q is the scattering vector, H = (ha*+kb*+Lc*) a vector of the 
reciprocal lattice, r(i) = (x- $y is z i ) the equilibrium position of the 
ith atom with respect to the origin of the unit cell and b. is the 
coherent neutron scattering amplitude of the ith atom. 
In order to take account of the thermal motion of the atoms 
about their mean position, each term in the sum of equation 	(2.10) 
must be multiplied by a factor T.  In the general case of anisotropic 
thermal motion T. becomes 
1 
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This equation is only valid within the limits of the harmonic approx-
imation. A modified structure factor expression is required to descr-
ibe anharmonic thermal motion (see Section 5.2). 
2.3.2 Least Squares Refinement 
The principle of Least Squares which was first formulated by 
Legendre, may be expressed as follows - the most probable value of any 
observed quantity is that which renders a minimum the sum of the 
squares of the deviations of the observations from this value. 
In crystal structure refinement the quantity to be minimised 
is 
= 	w.(IFoI.-IF I.), 2 	 (2.12) 
EA i=l 1 
	L 
where IF0I is the ith observed structure amplitude, IFI is the 
corresponding structure amplitude calculated from the current parameter 
values of the model and w is an absolute weight equal to the recip-
rocal of the variance of jFo I. i.e. = l/02(IF0I±). 
If the parameters in the model are sufficiently good estimates 
of the true parameters then the parameter corrections, 6p,  will be 
small and the equations for these corrections can be written as 
m lFI. ci 
jl 	
= vT(IF0 IHF j.) 3, ± = 1, 2, ..., s 	(2.13) 
1. 1 	 L 	c'-J 
1 
The conditions for R. to be a minimum are the equations - 	0 51 
U) 	 6p.' 
P = 1, ..., m, which from the normal equations set up from equation 
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2.13 leads to 




C1 C1 	 C 
(FoI - IF ). 
j=l
=1 i 6p.t • 
• l 	 i 
(2.14) 
The normal equations can be written in matrix form as 
= E. 	 (2.15) 
The parameter shifts can then be found by premultiplying by the inverse 
of M to give 
(2.16) 
where N M 1. However because of the non-linearity of the problem 
the process must be repeated until every Sp is small compared with 
its standard deviation. 
If instead of absolute weights, relative weights are to be used 
then 
a2 
Wi = a 2 (IF0!.) 
(2.11) 
where a2 may be estimated from the parameters at the end of the 
refinement as 
S w.(IFO k_IF LY 1 	
(s-rn) 
1 
where s is the number of observations and m is the number of 
parameters. 
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The residuals at the end of the refinements can be used to 
calculate the variance of the parameters 
J 	 3 
= c 2 (p.) = N 
33 
. 	 ( 2.18) 
where N.. is the 5th diagonal element of the matrix N (= 14 1 ) 
(Lipson and Cochran, 1968 p.3 144). 
The validity of the weighting scheme can be tested by analysing 
X 	(the mean value of I wi(IFOL-IF 1 i ) )over small ranges of sinO 
and FO1; there should be no significant systematic dependence of 
on either sinO or (F0. 
It may not always be possible to determine separately all the 
parameters being refined. The fit of the model may be affected in the 
same way by a change in one parameter as it is. by a change in another 
parameter; these parameters are then said to be highly correlated. If 
for the matrix M, M. . /M1
. .
3
' tends to a constant for a ll i, then 
= 	1J  
Njj (a 1/detJMI) (Whittaker and Robinson, 19)will tend to infinity 
and pj and p.' cannot be separately determined. Highly correlated 
parameters therefore have large standard deviät ions. 
The degree of correlation between parameters is given by the 









A value of X 	 approaching unity implies the parameters involved areij 
strongly correlated. 
The standard index of goodness-of-fit used in this thesis is the
ZjjFo j i -.jFc j i j 
R-index 	F 
i oi 
2.3.3 Constrained Refinement and Significance Testing 
It may happen that in the refinement of a crystal structure one 
has to choose between two models which differ in the number of para-
meters used to describe the structure. The number of parameters in a 
model can be increased either by using extra parameters or by removing 
a constraint. For example, to describe the thermal motion of an atom 
by anisotropic thermal parameters requires five more parameters than 
if the thermal motion is assumed to be isotropic. The model with the 
greater number of parameters can always be made to fit the data at 
least as well, and usually better, as the model with the fewer para-
meters, provided that the parameters in the latter are a subset of the 
former (Hamilton, 1965). It then becomes important to decide whether 
increasing the number of parameters has led to a significant improve-
ment in fit. The level of statistical significance given to any im-
provement in fit obtained during the crystal structure refinements 
described in Chapters 4 and 5 has been calculated using the techniques 
described by Hamilton (1965) and by Pawley (1971). 
The agreement between the observed and calculated structure 
amplitudes is characterised by 
R,W = 	w ( Foil -)F 




R = Rw(model II)) is 
.1 
R = M F +1] -N a (2.21) 
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where N and n are respectively the number of parameters in model II 
and model I, M is the number of observations JFO I, a is the prob-
ability level and F is the a point of the F distribution with N - n 
M - N degrees of freedom. 
It does not follow, horever, that statistical significance can 




where R(0.01) is the 0.01 point of the R distribution for the 
relevant degrees of freedom. A provisional empirical conclusion from 
previous work is tht values of the order of 2 -3 or less might not 
indicate physical significance (Pawley, 1971). 
2.4 Powder diffraction instruments and methods 
2.4.1 Diffractometers and data collection 
The data sets for the structural studies of powdered KH 2 PO4 , 
KD2PO4 and RbH2 PO4 were collected using either the P.A.N.D.A. 
diffractometer at A.E.R.E. Harwell or the diffractonieter P 1 A at 
I.L.L. Grenoble. The diffraction geometry for a conventional neutron 
powder diffractometer is relatively simple; a schematic diagram of the 
P.A.N.D.A. diffractometer is shown in Figure 2.6. 
The 'white' neutron beam between the reactor ai±d the inonochroma- 
tor is collimated by Soller slits with horizontal divergences of 30'. 
The monochroinator is normally a germanium crystal (of mosaic spread 
Figure 2.6 	Schematic diagram of the powder diffractometer C P.A.N.D.A. ) 
at A.E.R.E. Harwell. The detector bank moves about the 20-axis. The 
sample may rotate about the vertical w-axis. 
EACTOR 
FACE 
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= 7t) 	Th6 P.A.N.D.A. diffractometer has a variable take-off angle 
of up to 20 	= 90° , which is the angle most commonly used. Aftermax 
rnonochroniation the beam is monitored by a low-efficiency fission 
chamber. The sample, contained in a cylindrical thin-called vanadium 
can is mounted on an adjustable table at the focussing point of the 
detector collimators and can be continuously rotated. Three He 3 
counters, 5°  apart in the horizontal plane scan through the diffrac-
tion profile and, at each step of 20, record a number of neutron 
counts for a preset monitor count. The angle 20 can be set by means 
of a Moire fringe system to an accuracy of 0.01° over the range 
-10° to 1114° . 
The D IA, diffractometer atthe I.L.L. reactor is essentially 
similar in design. In constrast to P.A.N.D.A., D IA shares a 
thermal guide tube which transmits around 140% of the neutrons, from 
the reactor, incident on the guide tube with an angle smaller than 
the critical angle for total reflection from the nickel surfaces. The 
beam incident on the monochromator has an angular divergence of 12' 
in both the horizontal and vertical planes. The monochromator take-
off angle is fixed at 122° giving better resolution at high scatter-
ing angles. There are no collimators between the monochrornator and 
the sample. The collimators in front of the counters have an angular 
divergence of 10 1 . The eight counters, spaced 6° apart, can step 
round in the horizontal plane to a maximum 20 angle of 160 ° . 
The resolution of a powder diffractometer is ultimately limited 
by the particle size effect (Klug and Alexander, 1959) which produces 
a broadening of the full width at half height, 111c' 
 of the diffrac-
tion lines. The full width at half height, is given by 
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= Utan0 2 + Vtan0 + W 	 (2.23) 
and has a minimum at 0 =M this is the well known parallel focuss-
ing condition (see Section 2.2). 
The separation between adjacent Bragg reflections, 1(2O), is 
given by 
X 2 	2 
(20) = 2(0) = 2d sin20 	
(2.211) 
and is symmetrical about the minimum of 20 = 900 (Hewat, 1915). The 
resolution function of the diffractometer and the resolution function 
required to separate adjacent peaks are therefore best matched when 
the monochrornator take-off angle 20M = 90 ° 	However, since at high 
scattering angles HK increases more rapidly than does 	(20), it is 
better for most structural studies to choose even longer take-off 
angles. 
A suitable balance between resolution and intensity is obtained 
if a2 = 2 > a, = a3 where czi , c2 and a3 are respectively the 
horizontal divergences of the collimators before the monochromator, 
between the monochromator and the sample and between the sample and 
the detectors (Hewat, 1975). 
The vertical divergence of the beam must be limited since it 
produces a broadening in the line width which arises as a result of 
the curvature of the projection on the counter plane of the Debye-
Scherrer cones. 
Even if there is zero vertical divergence, scattering out of the 
horizontal plane occurs at different values of the measured scatter-' 
ing angle, except for 20 = 90° , and results in the observed peak 
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being asymmetric about the true Bragg scattering angle. This broad-
ening is zero at 20 = 900 and becomes increasingly important away 
from that position, i.e. at very low and very high scattering angles. 
The effective flux can be increased by increasing the number of 
counters in the equatorial plane. The number of counters is only 
limited by the fact that, for accurate intercounter calibration, it is 
important to have a large degree of overlap between the different 
counters. 
The powder samples are sealed in thin-walled cylindrical 
vanadium cans, 12 mm.. or 16 mm.. in diameter. Vanadium is used 
since it has a negligible coherent scattering cross-section and there-
fore adds no diffraction lines into the profile being measured. The 
sample temperature can be maintained at any temperature down to 1.2° K 
by using a cryostat of similar design to that described in Section 2.3 
for single crystal studies. Due to the difficulties in machining 
vanadium and its relatively high cost, the cryostat normally has an 
aluminium tail which gives rise to some aluminium powder-diffraction 
lines in the recorded profile. The effect can be reduced by increas-
ing the diameter of the cryostat and minimising the thickness of the 
aluminium tail - both steps having the effect of reducing the illumin-
ated volume of aluminium 'seen' by the counter. 
High-temperature powder profiles can be obtained by using a 
cylindrical aluminium furnace which is evacuated to avoid oxidation 
of the vanadium sample container. 
Facilities are now available for neutron powder-diffraction 
studies to be performed with varying pressure, rather than, or as 
well as, varying temperature. The high pressure experiment on 
powdered KD2 PO4 (and KH2PO4) describedin Section 4. made use of 
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the clamp-type pressure cell shown in Figure 2.7.. (Bloch, Paureau, 
Voiron and Parisot, 1976). The cell which surrounds the sample is 
made of high-strength alumina capable of withstanding pressures of up 
to 38 k:bar. The sample, positioned at the centre of the cell, is 
placed between two tungsten carbide pistons, fixed in reinforced bands 
within the cell as shown. The sample is pressurised by reducing the 
distance between the pistons using a hydraulic press. When the 
desired pressure isiached the nuts, on the three large screws which 
link the flanges (see Figure 2.7),are tightened to contact the upper 
flange. The pressing force is monitored by a force gauge and thermally 
compensated strain gauges glued on each connecting rod. The force 
required to give a particular sanple pressure has been determined by 
using NaCl as the sample and plotting the lattice parameter contrac-
tion against the applied force. The relationship between applied 
pressure and lattice parameter contraction is already known for NaCl 
and so the true pressure resulting from a particular force can be 
deduced. The inside wall of the alumina cell fractures at quite low 
pressure, a few kbars, and these small cracks extend as the pressure 
increases. To prevent the sample being forced into the cracks, the 
cell is lined with high strength At alloy foil, thinly coated with 
lead. The lead reduces the friction and hence the pressure gradients. 
The pressure cell has an external diameter of 68 m m. enabling 
it to be mounted in the standard cryostats and furnaces. The rods 
which connect the top and bottom can obstruct the neutron beam scatt-
ered into specific, regions of 20. The powder profile must therefore 
be collected in sections of 51 0 (20), rotating the pressure cell 
about its axis after each part scan; hence it is not possible to 
rotate continuously the sample and pressure cell to try to minimise any 
Figure 2.7 	The portable-clamp high-pressure cell. 
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preferred orientation errors. 
The necessity of having the A 2 03 pressure cell (and the Ak 
alloy and lead lining) so close to the sample leads to the profile of 
neutrons scattered by the M203 (and the At alloy and lead lining) 
being superimposed on the profile from the sample. This results in 
large sections of the profile (roughly 	in total) having to be 
excluded from the refinement. 
The data were simultaneously printed by a teletype and recorded 
on magnetic tape (for D I A) or on paper tape (P.A.N.D.A.). The 
separate profiles for each counter are then compared and the relative 
counter efficiencies calculated. These efficiencies are used to scale 
the high-angle regions of the profile which were not recorded by all 
the counters. 
Many of the systematic errors which arise in structural studies 
using single crystals are either non-existent or become isotropic in 
the powder diffraction method. Since a neutron reflected from one 
crystal grain may be reflected again by another, a secondary 
extinction effect also occurs with powder diffraction measurements. 
However, with a conventional powder diffractometer the probability of 
multiple reflection does not depend on the structure factor and so 
secondary extinction does not give a systematic error as it does with 
large single crystals; the effect is equivalent to absorption. The 
absorption of neutrons in a powdered sample (like that in a single- 
crystal sample) is negligibly small for most elements (see Section 2.2). 
At present it is not possible to correct for thermal diffuse scattering 
in neutron powder studies. No correction for any of these effects as 
made in the structure refinements of powders described in Chapter ii. 
The systematic errors peculiar to powder diffraction and their correc- 
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tions are discussed in Section 2.4.2. 
2.4.2 Powder profile Refinement 
The method used for the analysis of neutron diffraction data from 
single-crystal samples involves the integration of the intensity under 
a given Bragg reflection and does not require detailed information 
about the peak shape. This technique is of limited use for diffraction 
measurements from powdered samples due to the overlap of adjacent Bragg 
peaks, especially at large scattering angles. The method using the 
total integrated intensities of each separate cluster of overlapping 
peaks in the structure refinement (Rietveid, 1966) also fails to make 
full use of the information contained in the total observed profile. 
More recently a refinement method for neutron powder-diffraction 
data, which makes use of the profile shape rather than any integrated 
quantities, has been developed by Rietveld (1967, 1969). At discrete 
intervals of the scattering angle 20, the profile refinement program 
calculates the contributions from all the Bragg reflections which can 
contribute to that particular observation, and compares the total y. 
(calc) with the observed count y. (obs). The parameters of the 
model structure can then be refined to give the best possible fit to 
the detailed shape of the total profile. 
The measured profile of a single Bragg peak, being the convolu-
tion of the neutron spectral distribution, the monochromator mosaic 
distribution, the transmission function of the Sollerslits, and the 
sample shape and crystallinity, has almost exactly a Gaussian peak 
shape (Cagliotti, Paolettiand Ricci, 1958) whose full width at half 
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height can be described by three variable parameters 
= Utan2 O + VtanO + W. 
Assuming each peak shape is Gaussian, its contribution to the 
measured profile y i at position 20 is 
2/ 	-n2 
y1  = tFk2 jkLk iç-r_ exp 	2 (20.-20 )2 
	 (2.25) 
1 k 
where t = step width of the counter, F k 2 is the nuclear contribution, 
is the multiplicity of the reflection, L = the Lorentz factor - 
(sinOksin2Ok) where the sine  term arises from the dependence of 
the Debye-Scherrer cone on the Bragg angle 
0k  corrected for the zero 
point shift of the counter. 
Each Gaussian peak is terminated at a distance of 	on 
both sides of its centre 
20k'  the assumption being that outside this 
region its contribution to the profile becomes negligible. 
The profile refinement program then computes the total intensity 
y (calc) at each point 26 by summing the contributions from all 
the reflections whose Bragg peaks overlap at that point. The structural 
parameters are then varied to minimise the function 
x2 = X w.Iy.(obs) - i y.(calc)1 2 	 (2.26) 
C 
1 
where w1 , the weight given to the count y. (obs), 	1 	1 = = 
1 	.t. 
C is a scale factor. 
The Rietveld profile refinement program has been modified for 
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anisotropic thermal vibrations by Hewat (1913). The atomic structure 
factor can be written F  = Ak + iBk where 
sin2 O 
Ak = nkbkp(Bk A2) 	expk cos2ff[h  xk+kyk  +Z rA. z,+t r 
sin 2 O 
k 




(Hewat, 1973) with n.K  the site occupation number, b   the coherent 
scattering length of the kth atom and (hk) 1 are the index products 
transformed to the equivalent position r. 
The standard deviation for each parameter is estimated according 
to the formula 
a(X)= 	
-WCcY(obs)_Y(calc)}2 IM  
where M pp -1 is the diagonal element of the inverted normal correla-
tion matrix corresponding to the pth parameter, N is the number of 
statistically independent observations y, P is the number of least 
squares parameters and C is the number of constraint functions. 
An estimation of the agreement between observed and calculated 
integrated intensities can be made by separating the peaks according 
to the relative contributions of these reflections computed from the 
fitted structure, 
I (ob s) 
Ik(obs) = 	{wjk.Fk2 (calc).( calc ) } 	 (2.21) 
where 
	
	= the sum over all y(obs) which can theoretically contribute 
J 
to the integrated intensity Ik(obs)  and 
2V 
exp[ b (20.-20 ) I Wjk = tjkLk Hk/ 	 j lr - k 	k 
from the values Ik(obs)  one can obtain values for Fk2(obs)  thus 
one can define and calculate he R-factors, 	 - 
100 	1F12(obs) - Fi2(calc)I 	









and compute an 
EXPECTED R-FACTOR = 	
(N-P+c) 
= 100 w.[y.(obs)F2 	
(2.30) 
The codewords used to vary parameters can also be used to specify 
simple linear relations between the parameters. Simple linear and 
quadratic constraints can also be applied. However it is not possible 
to calculate significance levels for the constraintssince the number 
of observations is uncertain, not necessarily being equal to the number 
of reflections in the scan which means the estimation of the parameter 
errors is also unreliable. 
The refinement program is preceded byaprofile preparation program, 
which corrects the measured profile intensities for background counts 
by subtracting from the observed intensities at each point 20 a 
background level specified by the input data; the background count, at 
other points 20 is obtained from these specified values by linear 
interpolation. The background level to be subtracted can be estimated 
from regions of the profile where there are no Bragg peaks contributing 
to the measured intensity. 
The preparation program allows for regions of the powder pattern 
to be excluded from the refinement. This is necessary when scattering 
from a cryostat, furnace or pressure cell causes peaks to be superim-
posed on the profile from the sample. 
Rietveld (1969) made allowance for peak asymmetry at low angles, 
caused by scattering out of the horizontal plane (see above) by intro-
ducing a variable asymmetry parameter into the expression for the 
calculated intensity. It is argued by Cooper and Sayer (1975) that 
this correction is inadequate and that a minimum of two asymmetry para-
meters are required. However, since these parameters are functions of 
the effective divergence angles of the instrument, they suggest that it 
would be better to determine appropriate values from the instrumental 
parameters. 
Alternatively if sufficient structural information is available 
from the rest of the profile then the low-angle peaks, which have been 
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CHAPTER 3 
SAMPLE PREPARATION 
3.1 Source and designation of specimens 
Nine different materials, four single crystals and five powders, 
were used in the structural studies described in this thesis. 
3.1.1 Single Crystals 
KH2 PO4 A crystal of KE1 2 PO4 , grown in the form of a rec-
tangular prism itO mm. . x 	x 4 pj • , 	was obtained from the Royal 
Radar Establishment, Malvern. A part of this crystal was then ground, 
by Dr V.R. Eiriksson, to a sphere of diameter 3 ± 0.25 m m. (Eiriksson, 
1974) by blowing it around, using nitrogen gas, inside a tube of 
cylindrical cross section lined with an abrasive material. This sphere 
was designated KDP1. 
RbH2 PO4 A crystal of .RbH 2 PO4 was obtained from 
Dr R.J. Nelmes of Edinburgh University. A 2 ± 0.1 m m. cube was cut 
from this crystal and designated RDP1. 
Ni3 1 1B7 013'1 A single [ioo] growth sector crystal was 
provided by Dr H. Schmid of the Battelle Memorial Institute, Geneva. 
It is the sample which Von Wartburg (1913) used for his investigation 
of NI3 1137 013 1. The high absorption cross-section of 10B for 
neutrons makes it advantageous to replace this isotope with 11B. The 
measured absorption coefficient of the sample was p = 2.95 (16) cm 
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at a neutron wavelength of 2.3145 A (Von Wartburg, 1973) indicating 
that the proportion of 10B in the crystal was 1.71 (i)% compared 
to 19.8% for natural boron. The crystal, designated Ni-Il, was 
approximately a rectangular parallelepiped with dimensions 
2.2 nun.. X 1.14 mm. x 0.55 mm.,- these dimensions being along the 
cubic (100 ) , (110 ) and (100 ) directions respectively. 
d) Cu3 11B7 013C2. A 	11B enriched copper chlorine boracite 
crystal was supplied by Dr H. Schmid. The crystal was pillar shaped 
with dimensions 1.2 in in. x 1.5 in in. x 3.0 in in. along the cubic 
(100 ) , ( oio ) and (001 ) directions respectively. Although the 
exact percentage of 10B in the crystal was unknown at the outset, it 
was believed to be around 0.5%. (This value was later supported by 
the refined value of the scattering length of boron for the crystal in 
Section 5.3.) This crystal was designated Cu-C2.1. 
3.1.2 Powders 
KH2PO4 Twenty five grammes of KH 2 PO4 was commercially 
supplied in crystalline form by Hopkin and Williams Ltd., with a spci-
fled minimum purity of 99.5%. This was ground to a fine powder and 
labelled PKDP1. 	 - 
KD2PO4 i) Tetragonal K(DHl_)2PO4 of a high deuteration 
level can be grown by the evap-oration method from a saturated solu-
tion of KH2PO4 in a D20 and H20 mixture at room temperature. In 
order to ensure a constant deuteration level throughout crystal growth, 
it is necessary to stir the liquor slowly and enclose the whole 
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apparatus inside a 'drybox' kept under a slight positive pressure of 
nitrogen gas. Small crystals of tetragonal K(D 0 95H005 )2PO4 (see 
Section 3.2), having been grown under the conditions described above, 
were supplied by Dr M. Thomas of A.E.R.E. Harwell. These crystals 
were ground to a fine powder, in a drybox, and designated PDKDP1. 
It is known that for x > 0.98 KD2PO4 can 
crystallise in a monoclinic form (Ubbelohde, 1939). This monoclinic 
form can readily be grown by making a supersaturated solution of 
KH2 PO4 in D2 0 and allowing the solution to cool quickly from a 
mother-liquor temperature of greater than 500 C. Needle shaped mono-
clinic crystals -made in this way were ground to a fine powder and 
labelled PDKDP2. 
A rectangular block of KD2PO4 grown by Electro-
pics Ltd. was sent to Dr B.J. Isherwood of the General Electric Company, 
Wembley, Middlesex for estimation of its deuteration. His result 
(Isherwood, 1972) using a multiple fringe diffraction method and the 
relationship between the a cell dimension and the percentage deuter-
ation 
a = ( 7.525+0. 0176x)A 
was that x = 0.88(2). A part of this block was ground to a powder 
and designated PDKDP3. 
C) RbH2PO4 Twenty five grammes of RbH2 PO4 was commercially 
supplied in crystalline form by Pfaltz and Bauer inc., New York. This 
was ground to a powder and designated PRDP1. 
The samples and the experiments in which they were used are 
Table 3.1 
Sample 	Name 	 Experiment 	 Section 
Phase 	Temperature °K 
Sin2le Crystals 
KH2POL KDP1 Tetragonal 127(T 
C
+5) 4.3.1 
RbH2PO4 RDP1 Tetragonal R.T. 4.7.1 
Tetragonal 136(T+5) 4.7.2 
Ni3B703I Ni-Il Cubic 77 5.4 
Cu3B7013C9. Cu-Cpl Cubic 390 5.3 
Powders 
0 
I2PO4 PKDP1 Orthorhombic 77 4.3.2 
KD2PO4 PDKDP1 Tetragonal R.T. 4.4.1 
Orthorhombic 4 4.4.2 
KD2P01 PDKDP2 Monoclinic R.T., 	77, 	4 4.5 
KD2PO4 PDKDP3 Tetragonal R.T.(H.Press.) 4.6 
RbH2P0 + PRDP1 Tetragonal 160 4.7.3 
Orthorhombic 77 4.7.4 
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listed in Table 3.1. 
3.2 Dielectric 'Constant Measurements 
The Curie temperature of K(DHl_X)2PQI_  type mixed crystals is 
almost linearly dependent on the deuterium concentration x (Baddur, 
Strukov, Velichko and Setkina; 1913) varying from 123° K for x = 0.0 
to •231° K (for x = 0.98). Therefore by determining the transition 
temperature from anomalies in the temperature dependence of the dielec-
tric constant one can estimate the percentage deuteration of the sample. 
PDKDP3 A thin plate of KD2PO4 was cut perpendicular to 
the c-axis (the ferroelectric axis) from the same parent block as 
sample PDKDP3. Silver electrodes were then painted onto the large 
(001) faces. The crystal was then placed in an airtight metallic 
container and wired to a capacitance bridge. The temperature of the 
sample was determined from a thermocouple placed near to the crystal. 
The crystal was cooled by placing the metallic container above a bath 
of liquid nitrogen. An anomaly in the dielectric constant was observed 
at 2170 K implying a deuteration level of 88(±2)%. 
PDKDP1 The experiment was repeated using some of the powdered 
PDKDP1. This time the silver electrodes were painted onto the large 
faces of a disc shaped plate made from the powder and some silicone 
glue. As expected the anomaly observed at 227°K was much broader 
than in the single drystal experiment, due to the random orientation 
of the powdered particles. The transition temperatue implies a 
deuteration level of 95(3)%. 
The accuTacy of the temperatures recorded was tested by repeating 
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the experiment using firstly a single crystal of RbH2 PD4 and then 
some powdered KFI2PO4. Anomalies were observed at 147K and l21 ° K 
respectively in good agreement with the known values (l16.5°K and 
123° K). The estimated error limits quoted arise mostly from the uncer-
tainty in the relation between the transition temperature and the 
percentage distribution. 
3.3 Preliminary X-ray examination and Experimental Preparation 
Using X-rays, oscillation and back-reflection Laue photographs 
were taken of samples of KDP1, RDP1 Hill and CuCU. All the 
crystals were found to be single. Crystals KDP1, RDP1 and NiIl were 
mounted, on 2BA screws and positioned in a cryostat (described in 
Section 2.3.1). Cu-CU was mounted in a furnace (see 2.3.1). 
X-ray powder photographs were taken of sample PDKDP1 and 
PDKDP2 these were compared to check that monoclinic PDKDP2 had not 
changed to a tetragonal form on grinding. Many extra 'lines' were 
visible on the photograph of PDKDP2 showing no such change had taken 
place. Samples PKDP1 and PRDP1 were tightly packed in cylindrical 
vanadium containers of 16 mm.. diameter and 30 mm. high. Samples 
PDKDP1 and PDKDP2 were packed in similar containers of internal 
diameter 12 mm.. 
In preparation for the high-pressure powder experiment ,sample 
PDKDP3 was packed into a 0. 3 mm. diameter tube of high-strength 
alumina coated with a thin film of lead and loaded into the pressure 
cell described in Section 2.4.1. 
Chapter 4 
Structural Studies of Hydrogen-bonded Ferroelectrics 
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TT A rmr'o h 
STRUCTURAL STUDIES OF HYDROGEN-BONDED FERROELECTRICS 
4.1 Introduction 
Potassium dihydrogen phosphate, KH 2 PO4, is one of the most 
extensively studied hydrogen-bonded ferroelectrics. In the KH 2 PO4 
family, K can be replaced by Rb, Cs or NH 4 , P can be replaced 
by As, and H can be replaced by D. 
The crystal structure of the paraelectric phase of I 2 PO4 was 
first determined by West (1930) at room temperature using X-rays. 
The space group is 1142d and the tetragonal unit cell contains four 
KH2PO4 formula-units. A projection of the room-temperature para-
electric structure is depicted in Figure 14.1. Parallel chains of 
alternating K and P ions, separated by 	, run along the c-axis 
but are staggered by - as indicated. Each P ion is tetrahedrally 
surrounded by four 0 ions. The tetrahedron is nearly regular being 
compressed by about 2% along c, the tetrad axis (Megaw, 1957; 
Eiriksson, 19714). Alternate tetrahedra, projected on (001) are 
rotated by approximately 15° about the c-axis. A PO4 tetrahedron 
is connected to the PO4 tetrahedra at higher and lower layers by 
hydrogen bonds as shown in Figure 14.1. Since the upper 0 ions of one 
tetrahedron lie nearly in the same (ooi) plane as the lower 0 ions 
of its neighbour, the hydrogen bonds lie very nearly perpendicular to 
the c-axis; the 0H.....0 distances are short (about 2.149A in 
KH2PO4). The 0 ions are in general positions. The K and P ions 
lie on inversion centres on the 14 axis. The K ions are eight- 
coordinated: 	each has four 0 neighbours belonging to the tetrahedra 
Figure 4.1 	A projection of the structure of KH2PO4 onto the x-y 
plane. One unit cell is shown. The structure is built up of P01 
groups linked by hydrogen bonds (dotted lines) nearly perpendicular 
to Z. The K ions lie halfway between the P ions along Z. Two 
possible D,H distributions are shown. One symmetry element is shown. 
A 	 0 0 
P 
9 or Q0 	D,H (SEE TEXT) 
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immediately above and below it, and four 0 neighbours belonging to 
the tetrahedra of neighbouring columns at a smaller height difference. 
Although West (1930) was not able to determine conclusively the 
position of the H ion, from the short distance between 0 ions 
not linked to the same cation, he deduced the presence of H to be 
at the eightfold positions X, 49 81 (see Figure 14.1). 
The ferroelectric transition in KH 2 PO4 at 123° K was 
discovered by Busch and Scherrer in 1935. The ferroelectric properties 
of its isomorph RbH 2 PO4 were found in 19145 by Bartachi, Mattias, 
Merz and Scherrer. 
The symmetry of the crystal structure below the phase transition 
was established by de Quervain (191414) and ifbbelhode and Woodward 
(19 147) as that of the orthorhombic space group Fdd2. (The x and 
y axes of the orthorhombic cell are the [110] and [ha] directions 
referred to the tetragonal cell.) The structural changes which occur 
during the phase transition were studied using X-rays by Fraser and 
Pepinsky (1953) who determined the crystal structure of KH 2 PO4 just 
above (T+14° K) and just below (Tc_6°K)  the ferroelectric 
transition. They tentatively confirmed the position of the hydrogen 
on the short 0.....0 bond (see Figure 14.1). 
A structure analysis of KH 2 PO4 using neutron diffraction was 
carried out by Bacon and Pease (1953, 1955), by Peterson, Levy and 
Simonsen (1953) and Levy, Peterson and Simonsen (19514) who all con-
firmed the position of the H ion on the short 0.....0 bond. In 
the paraelectric phase there is a centre of symmetry at the midpoint 
of this bond; the H is thus at the midpoint or distributed evenly 
about it - for example, disordered between two off-centre sites. 
Bacon and Pease (1953, 1955), whose work was the most extensive of the 
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neutron diffraction studies, found the hydrogen density distribution 
to be symmetrically placed but elongated along the short 0.....0 
bond in the paraelectric phase. They were unable to distinguish 
between two possible descriptions of this hydrogen distribution, 
a) a centrally placed anisotropically-vibrating ion or b) two half-
ions each 0.18A from the centre of the bond. 
- 	That the H or D ions are disordered in double minimum 
potential wells in the paraelectric phase at room temperature was 
established by Nelmes, Eiriksson and Rouse (1971) in full three-
dimensional neutron diffraction studies of KR 2 PO4 and 
K(D0 88110 12 ) 2 PO4 . The line joining the H, D sites on the short 
0.....0 bond is inclined to the O.....O line by 9(4)0 (see 
Figure 14.2). A comparison of the two structures revealed that there 
are marked isotope effects on the (H ,D)1{  ,D), Q-i,D)and 0-I)DL.. .0 
bon dlengths. 
This isotope effect on the 0-H ..... 0 bondlength was also 
reported by Nakano, Shiozaki and Nakamura (1973, 19714) who, using 
X-rays, determined the crystal structures of tetragonal KH 2 PO4 and 
K(D0914H006 )2PO4 at room temperature. 
The crystal structure of tetragonal RbH 2 PO4 ._was approximately 
determined by Magyar in 1948, who, from the intensities of an X-ray 
powder study confirmed that it was isomorphous with KH2 Pa4 . 
The crystal structure of the ferroelectric phase of KH 2 PO4 was 
determined by Frazer and Pepinsky (1953) using X-rays, and by Levy, 
Peterson and Simonsen (19514) and Bacon and Pease (1955) using neutrons. 
In passing through the transition to the orthorhombic phase the H 
ions order onto one of the two disordered positions in the paraelectric 
phase. In a single domain crystal the H ions are all near the two 
Figure 4.2 	The hydrogen bond in KH2PO4 . The bond is viewed down 
the X axis and has a two-fold symmetry axis (diad) at its •centre 
( x,b/4,c/8 ). The open circles denote the oxygen ions. A and B 
are the sites of the two 'half' hydrogen ions in the double minimum 
potential well (disorder) model. The line AB is the direction of 
the principal thermal motion for the single minimum (order) model 
in which the hydrogen lies on the diad. t is the distance from 
A- to B.. The approximate location of the phosphorus to which each 
oxygen is attached is indicated: the X coordinate of the phosphorus 
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t upper ? or two 'lower' 0 ions of each-:.tetrahedron depending on the 
polarity. The choice of site of the H ion on the 0-H ..... 0 bond 
dictates the sign of the displacements of the K, P and 0 ions. 
The P ion moves away from those 0 ions that the H ions have 
moved towards. The K ion moves in the .pposite direction to the 
P ion. The space group is polar allowing free choice of origin along 
the c-axis. In the structural studies of the orthorhombic phase 
described in Section 4.3 the origin has been chosen, as in the para-
electric phase, to be the position of the P ion. The 04 group is 
almost unchanged in passing through the phase transition. The diads 
in the (001) plane are lost but the d-glide planes remain. There 
are small changes to the 0-H ..... 0 and 0-H bondlengths: the 
0-H bond becomes shorter (Bacon and Pease, 1955) and stronger 
resuT1-ling in a weakening and lengthening of the 0-H ..... 0 bond as 
a whole. The largest differences are in the -0 bondlenths: P-OH 
(where OH indicates the oxygen which the hydrogen has moved towards, 
also called 0(2) in later refinements) becomes significantly longer 
than P-OW. 
Most of the substances which are isomorphous with KH 2 PO4 at 
room temperature undergo a transition to a low-temperature structure 
similar to that adopted by KH2 PO4. The exceptions are the ammonium 
salts NH4 112 PO4 , NH4 H2As04 and their deuterated isomorphs. In these 
materials, the H ions adopt a different ordering scheme from that of 
1Q12 PO4: each tetrahedron in the low-temperature structure of NH4H 2 PO4 
has one H ion attached to an upper oxygen and one to  lower oxygen 
(Kelling and Pepinsky, 1955; Hewat, 1913a). Although why this happens 
is not fully understood, the difference probably arises from the 
influence of the N-H .....0 bonds. The resultant symmetry is ortho- 
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rhombic as in KH2PO4 , however in contrast the d-glide planes are 
lost, the screw diads retained and the resultant space group is 
P2 1 212 1 . The vector sum of the four dipoles, which lie approximately 
in the (ooi) plane, is zero and the crystal is therefore antiferro- 
electric. 
The tetragonal + orthorhombic transition temperature of the 
various isomorphs varies considerably but increases in the sequence 
K + Rb -* Cs and decreases if P is replaced by As. The replacement 
of H by D in KH2PO4  increases the transition temperature more 
than 100°  K. The transition temperature is almost linearly dependent 
on the deuterium concentration (Kaminow, 1965; Baddur, Strukov, 
Velichko and Setkina, 1973). This large isotope effect again emphasises 
the importance of the hydrogen bond in the mechanism of the ferro-
electric transition. 
After much debate, the transition in KH2 PO4 has been shown to 
be of the first-order (Reese, 1969; Bastie, Bornarel, Lajzerowiez, 
Vallade and Schneider, 1975). However the transition is very close to 
being a second-order one and substitution of K - Rb -' Cs seems to 
change it into a second order transition. The arsenates tend to 
exhibit a more discontinuous transition than their corresponding 
phosphates. Replacing -H by D increases the first-order nature of 
the transition in KH 2 PO4 . The ferroelectrjc transition in RbH2PQ4 
has been shown to be second order (Amin and Strukov, 1969). 
Only the X-ray diffraction experiments of West (1930) had been 
carried out when the first microscopic theory of the transition in 
KH2PO4 was published by Slater in 1911. This theory starts from the 
assumptions (a) that each H takes one of two possible positions 
along the hydrogen bond and (b) that in the four hydrogen bonds 
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which are connected to a PO 4 group, only two H ions occupy the 
positions nearer to the PO4 tetrahedron. The.-other configurations 
in which more than two or less than two H ions are attached to one 
PO4 group were assumed to have a higher configuration energy. and 
were discarded. Slater further postulated that, of the six possible 
configurations which give two H ions close to a PO4 group, the two 
configurations with dipole moments ±P along the ferroelectric axis 
have a lower energy than those with dipole moments perpendicular to it 
and that in the ferroelectric phase all the hydrogens are in ordered 
positions corresponding to one of these lower-energy configurations. 
The choice of configuration determines the polarity of the domain. 
At that time Slater's theory was thought to have two weaknesses: 
(a) it predicted a first-order transition while the transition appeared 
to take place through a finite temperature range (von Arx and Bantle, 
19143) and (b) it could not explain the large isotope effect on the 
transition temperature. 
It was shown by Takagi (19148) that a second-order phase trans-
ition could be derived if the hydrogen configurations discarded in the 
Slater model were retained. This Slater-Takagi model was further 
modified by Grindlay and ter Haar (1959), Senko  (1961) and Silsbee, 
Uehling and Schmidt (19614). Although these theories gave better 
agreement with the experimentally determined temperature dependence 
of the spontaneous polarisation, they also failed to explain the 
increase in T 
C  on deuteration. 	 -- 
The isotope effect was first discussed by Pirenne (19149) who 
assumed that in the paraelectric phase H or P is in a symmetrical 
single-minimum well with respect to the two 0 ions of the hydrogen 
bond. The lower energy obtained when H is replaced by D results 
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in a greater polarisability and so a higher transition temperature. 
The model suggested by Pirenne was improved by Blinc (1960) who 
proposed that the proton (deuteron) tunnels between the two minima of 
a double-well potential along the. hydrogen bond. It is evident that 
this tunnelling motion opposes the tendency of the proton to attain 
the lower energy configuration thus inhibiting the phase transition. 
The lighter the particle is, the more easily it can tunnel and so the 
substitution of D for H can be expected to raise the transition 
temperature. However, the absence of an appreciable isotope effect 
in the saturated spontaneous polarisation cannot be explained by a 
consideration of only the proton system in the hydrogen bonds (Bantle, 
1942; Mayer and Bjorkstam, 1962). Blinc's pure tunnelling model was 
converted to a pseudo-spin formalism by De Gennes (1963) who discussed 
the consequences of the model particularly for neutron scattering. 
By limiting the theory to the hydrogen bond, Blinc (1960) cannot 
explain why the ferroelectric axis coincides with the c-axis. The 
displacements of the K and P ions during the ferroelectric trans-
ition suggest that the ordering of the H ions is strongly connected 
with the K-PO4 system. 
The importance of the motion of the K and P ions was 
discussed by Tokunaga and Matsubara (1966) who assumed two possible 
configurations for the K-PO4 system along the c-axis, corresponding 
to the two orientations of the dipole moment. The ferroelectric 
transition could then occur by an ordering of the ions onto one of 
these two possible configurations and was independent of the proton 
motion in the hydrogen bonds. The dynamical properties of this model 
were studied by Tokunaga (1966). 
The important idea that a ferroelectric transition could be 
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regarded 'as the result of an instability of the crystal to a normal 
mode of vibration' was put forward by Cochran (1960). This 'soft' 
mode is a transverse optic (TO) mode whose frequency tends towards 
zero as the transition temperature is approached. At first the theory 
was expected to be useful only for displacive transitions e.g. 
BaTiO3 , but it was later extended (Cochran, 1961) to include order-
disorder transitions like that of KH 2 PO4 . This theory (Cochran, 1961) 
suggested that the mode involving the redistribution of the proton on 
the hydrogen bond is coupled to a liw--frequency phonon mode with 
properties similar to the ferroelectric mode in BaTiO3. Cochran (1969) 
revised this theory and suggested that the tunnelling mode is the 
'soft' mode and is coupled to one or more phonon modes whose frequencies 
are almost temperature independent. 
The first coupled mode theory for KH2 PO4 was developed by 
Kobayashi (1968) who considered the interaction between the collective 
proton-tunnelling mode and the optic modes of the lattice. (This 
theory is essentially similar to that proposed by Cochran.) Two 
coupled modes, labelled w 	 and U) 	are predicted. by Kobayashi's 
theory, one of which is almost temperature independent while the 
frequency of the other tends to zero as the transition temperature is 
approached. 
The first experimental support for the ferroelectric or soft 
mode approach to the theory of the phase transition in KH 2 PO4 came 
from an experiment performed by Kaininow and Damen in 1968. Using 
Raman scattering techniques they detected a heavily damped mode 
centred at W = .0 in K112 PO4 and deduced a ((T-T)/T) 	variation 
for its undamped frequency. 
Incoherent neutron scattering was used by Plesser and Stiller 
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(1969) to investigate the proton distribution in KH 2 PO4 at room 
temperature and to demonstrate that the protons tunnelled between two 
potential minima on the hydrogen bond. They concluded that the 
protons were concentrated at two sites separated by 0.10(3)A and 
that the hydrogen bonds were inclined by 6(3) 0 to the x-y plane. 
Measurments of the temperature and electric field dependences of 
the soft mode Raman spectrum in KH2 PO4 have been made by Wilson and 
Cummings (1969) and Wilson (1970). The soft mode has been shown to 
be strongly coupled to an optic mode. of the lattice, in compounds 
isomorphous with KH2 PO4 , by Katiyar, Ryan and Scott (1971). The 
temperature dependnce of the coupled-mode system has been examined, 
in KH2PO4 by She, Broberg, Wall and Edwards (1972) and by Lagakos 
and Cummings (1974), in the isomorphous arsenates by Lowndes, Tornberg 
and Leung (1974) and in RbH2 PO4 by Peercy and Samara (1973). 
The hydrogen bonds are thought to be the weakest links in the 
crystal structure of KH2PO4-type materials. Hence the properties of 
these crystals, particularly ferroelectricity since it is connected 
with the proton motion on the hydrogen bond, are strongly pressure 
dependent. Studies made at high pressure are therefore of considerable 
importance to the understanding of the mechanism of the ferroelectric 
phase transition in KH2 PO4 and its isomorphs. The pressure depen-
dence of the phase transition temperature has been studied by several 
authors, e.g. Hegenbarth and Uliwer (1967), Umebayshi, Fraser, Shirane 
and Daniels (1967) and Frenzel, Pietrass and Hegenbarth (1970). In 
1971 Samara showed that the ferroelectric transition temperature in 
KH2 PO4 falls linearly with pressure at first and then decreases more 
rapidly until at 17 kbar the transition temperature tends to zero; 
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for NH4112PO4 the transition vanishes at pressures above 33 kbar. 
The atomic positional parameters of KH 2 PO4 at 1 bar and 3 
kbar were estimated by Morosin and Samara (1971) from single-crystal 
X-ray intensity measurements. Although the standard deviations on the 
positional parameters of the oxygen ion were such that a small rotation 
of the PO4 group could not be ruled out, they concluded that no 
large rotation of the PO4 group had occurred to a compression of 
3 kbar. Morosin and Samara then assumed that the 0-H .....0 bonds, 
since they lie nearly in the xy plane, scale with the a cell 
dimension. They estimated that at 17 kbar, the pressure at which the 
ferroelectric transition disappears, the 0-H ..... 0 bond would have 
contracted to 2.1411A. That is short enough for the hydrogen ion to be 
at the centre of the bond in a single-minimum potential well - so that 
ordering is no longer possible. However, it was postulated by Blinc, 
Sventina and Zeks (1972) that all that is needed for the ferroelectric 
transition to vanish is for the energy barrier between the two equil-
ibrium positions to become sufficiently low, on increasing pressure, 
that the disordering tendency of the tunnelling field becomes larger 
than the ordering tendency of the dipolar field. 
The effects of pressure on KH2PO 4 and n2 PO4 are compared 
by Samara (1974). It was shown that the dependence of the transition 
temperature T(P) for KH2 PO4 is linear at low pressure, but that 
dTc _->.--CO as Tc -'- 0. 	In contrast for KD2PO4 , T(P) is linear over 
d,V
the whole pressure range covered (1 bar to 25 kbar). It was noted by 
Samara (197) that at 25 kbar, the highest pressure attained, the 
ferroelectric transition temperature in KD2 PO4 haddecreased only to 
1)40° K, even though from the known compressibility of the a cell 
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dimension in KD2PO4 (Morosin and Samara, 1971) the O-D.....O bond-
length would be considerably shorter than that of KH2 PO4 at 17 kbar. 
Samara (19114) concluded that this emphasised the importance of tunnell-
ing in KH 2 PO4, as compared to KD2 PO4 where Q, the tunnelling 
frequency of a deuteron in the absence of any coupling,is assumed to 
be almost zero. This is also in accord with the above picture where 
T. -'- 0 in KH2PO4 does not require that H-H -* 0. 
The idea that T + 0 at high pressure in KR 2 PO4 because the 
hydrogen potential becomes a single-minimum potential well with 
sufficient contraction of the 0-H ... O bondlength was also challenged 
by Blinc et.al . (1972). They referred to the high pressure infra-red 
studies of Blinc, Ferraro and Postmus (1969) in which no significant 
change in the hydrogen potential was observed up to a pressure of 30 
kb ar. 
The pressure dependence of the soft TO mode up to 9.3 kbar 
at room temperature in KH 2 PO4 was studied by Peercy (1973). This 
mode, which is overdainped at atmospheric pressure for all temperatures 
throughout the paraelectric phase in KH2PO4-type crystals, became 
underdamped at room temperature at high pressure. This was taken to 
demonstrate the intrinsic oscillatory nature of the mode. It was 
also suggested by Peercy (1975) that hydrostatic pressure could be 
used to identify the soft mode (w_) in the ferroelectric phase of 
KH2PO4 and that the proton motion remained coupled to an optic mode 
of the lattice even below the transition. 
Raman measurements of the temperature dependence of the soft mode 
spectra of KH2 PO4 at high pressure and of the pressure dependence of 
the spectra at different temperatures in both the paraelectric and 
ferroelectric phases were analysed by Peercy (1975a) within the frame- 
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work of both the pure tunnelling model and coupled tunnelling-lattice 
mode (Kobayashi) model for the phase transition. Peercy (1975a) 
concluded that measurements in the paraelectric phase at high pressure, 
where the response is underdamped, allowed a more reliable evaluation 
of the spectral parameters than could be obtained at atmospheric 
pressure where the response is heavily overdamped. It was noted by 
Peercy (1975a) that the pressure dependence of Q and Q0, the un- 
coupled frequency of the collective proton tunnelling mode, were smaller 
than would be expected from the decrease in the separation of the two 
potential minima for the protons in the 0-H ..... 0 bonds as calculated 
by Morosin and Samara (1971). 
- 	The Raman soft mode spectrum of KD 2 PO4 has been shown to be 
qualitatively different from that of KH 2 PO4 and RbH2 PO4 by Blinc, 
Lavrencic, Levstik, Smolej and Zeks (1973). The effect of deuteration 
on the coupled modes in K1-1 2 PO4 was investigated by Peercy (1976). 
The Raman spectrum of the ferroelectric phase of K112 PO4 consists of 
two well-resolved modes (w). The coupled mode labelled w - was 
absent in the spectrum for KD2PO4 ; its intensity decreases monoton- 
ically with increasing deuterium concentration. For pure KH2 PO4 , the 
frequencies of both w and w decrease with increasing pressure 
at constant temperature in the ferroelectric phase (i.e. as T  falls), 
whereas the other modes display normal frequency increases with pressure. 
The anomalous pressure dependences of 	and w indicated that the 
proton and lattice motion were coupled in the ferroelectic phase and 
were used to identify W as the soft mode of the transition (Peercy, 
1975). However the frequencies of the modes 	and w did not 
decrease with pressure for T < T in K(DxHlx)PO4 where x > 0.5 
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although as in KH2 PO4 the transition temperature is known to decrease 
with increasing pressure (Morosin and Samara, 1971). Peercy (1976) 
suggested that these results implied that the coupled proton (deuteron) 
mode 	is no longer the soft mode of the system in KD 2 PO4. 
Recently the pure tunnelling model has been extended by Stinch-
combe and de Seabra Lage (1971) for the paraelectric phase of mixed 
crystals i.e. K(DxH1x)2PO4.  The coupled-mode model has also been 
extended by Blinc, Pirc, and Zeks (1971) to discuss the dynamics of 
mixed crystals in the ferroelectric phase. 
Although the transition from the room-temperature tetragonal 
phase to the low-temperature orthorhombic phase has attracted the most 
attention, there are at least three distinct phases in the K(DxH1X)2PO4 
system. 
At high levels of deuteration K(DxH1X)2PO4  was found to exist 
in a monoclinic form at room temperature by Tjbbelohde and Woodward 
(1939). This has been shown to be the stable phase for x > 0.98 
(Blinc, Burgar, Cizikov, Levstick, Kadaba and Shuvalov, 1975). 
High-temperature phase transitions in KH 2 PO4 at 450°K and 
385° K and 45CPK were found by Grunberg, Levin, Pelah and Wiener 
(1967) and Grunberg, Levin, Pelah and Gerlich (1972). It had previously 
been thought that KH2PO4 decomposed directly from the tetragonal 
phase at 1450° K (Kiehl and Wallace, 1927). Using dielectric and infra-
red measurements, Grunberg et.al . (1972) associated the transition in 
both K112PO4 and KD2 PO4 at 1450° K with a rotation of the PO4 
groups and the transition at 385 0 K with a change in the deuterium 
bond and a phase transition from the tetragonal to amonoc1inic form. 
High-temperature phase transitions in RbH 2 PO4 and RbD2 PO4 were 
found by Blinc, O'Reilly, Peterson and Williams (1969) who proposed 
that above 380° K RbD2PO4 exists in a monoclinic form isomorphous with 
room-temperature monoclinic KD2 PO4. 
There is considerable uncertainty over the exact temperature of 
the high-temperature phase transition in KH 2 PO4-type crystals. The 
transition temperature was reported at 1423° K -'- 13° K in KH2 PO4 by 
She and Pan (1975), at 1t11J4 ° K + 173° K in KD2 PO4 by Blinc et.al. 1 
(1968), at 359° K in RbH2PO4 by Gruberg at.al . (1972) and at 366° K 
RbD2PO4 D'yakov, Kopstik, Lebedeva, Mishcheriko and Rashkovich (1971 ). 
The high—temperature phase transition in the K(DxHlx)2PO4  system 
has also been studied by Pereverzeva, Pogosskaya, Poplavko, Pakhornov, 
Rez and Sil'nitskaya (1972). The transition temperature in the 
deuterated salts is dependent on the deuterium concentration. The 
most probable phase diagrams, on the basis of the experimental results 
published to date for K(DxH1_x)2PO4  and  Rb(DXH1_x)2PO4  are shown 
in Figure 4.3 and Figure 4.4. A microscopic mechanism for the 
tetragonal + monoclinic transition in terms of a soft zone-boundary 
phonon mode was proposed by Blinc, Brgar, Cizikov, Levstik, Kadaba 
and Suvalov (1975). 
The crystal structure of the room- temperature monoclinic phase 
of highly deuterated KD2 PO4 has been determined by Nelmes (1972) 
using X-rays. The positions of the deuterium ions were located in a 
later study, using neutron diffraction, by Thornley, Nelnies and Rouse 
(1975). The space group is P21 and there are eight formula units in 
the cell. The cell dimensions measured by Nelmes (1972) were 
a = 7.45(1)A, b = 11.71(2)A and c = 7.14(1)A with 	= 92.31(1) 0 . 
1Blinc, Dimic, Kolar, Lahajnar, Stepisnik, Zumer, Vene and Hadgi.. 
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The arrangement of the deuterium bonds is quite different from the 
tetragonal phase and large relative displacements are required to 
convert the monoclinic form to the tetragonal structure. The crystal 
structure of the high-temperature monoclinic form has been determined 
by Tomas, Benoit, Herpin and Mercier (1974) using X-rays. An arrange-
ment of K, P and 0 ions essentially similar to the room-temperature 
monoclinic phase was found, in agreement with Blinc et.al . (1969) who 
suggested the two phases were isomorphous. The high-temperature phase 
of KR2 PO4 has now also been shown to be monoclinic by Itoh, Matsubay-
ashi, Nakamura and Motegi (1975). 
The phase transitions in KR2 PO4-type crystals have long been a 
source of interest, stimulated by the theoretical studies of the ferro-
electric effect in these materials. Important changes of properties, 
and presumably of structure, are obtained on variation of temperature, 
pressure or deuteration level. Although a comprehensive consistent 
theory in this class of ferroelectrics should also describe the 
changes in the properties between the various isomorphous materials, 
there is very little published information about the accurate 
structures of crystals isomorphous with KH2 PO4 . Inelastic neutron 
scattering, Raman scattering and other investigations of the ferro-
electric phase transition in KR2 PO4-type compounds have long depended 
on the structural parameters for KR 2 PO4 at room temperature (see 
above). In order to alleviate this problem structural studies have 
been made, of KH 2 PO4 at 127°K in the tetragonal phase (Section 14.3), 
ofK 095H005 04 . at room temperature in the tetragonal phase and at 
14° K in the orthorhombic phase (Section 14.14), and of RbH2PO4 at room 
temperature and T + 5° K in the tetragonal phase and at 77° K in the 
orthorhombic phase (see Section 14.7). 
.. 
The crystal structure of the orthorhombic phases of 
1((D0 95H0 05 ) 2 PQandBbH2PO4 were determined using neutron powder-
.. 
diffraction techniques since this method avoids the difficult problem 
of poling a single crystal (see for example Bacon and Pease, 1955). 
In order to estimate the reliability of the structural parameters 
obtained from these experiments;(and of the powder method in general), 
the crystal structures of orthorhombic KH 2 PO4 at ' ° K (Section 
4.3.2) and of tetragonal RbH2 PO4 at 160° K (Section 4.7.3), deter-
mined using the neutron powder-diffraction technique, have been 
compared with single-crystal results. The structural parameters 
refined from the powder-diffraction measurements were compared with 
those determined from single-crystal experiments for orthorhombic 
K112 PO4 at 77° K by Bacon and Pease (1955) and for tetragonal 
RbH2PO4 at T + 5° K (Section I.7.2). 
The effect of temperature reduction on the monoclinic phase of 
very highly deuterated KD2 PO4 has also been investigated (see 
Section 4.5). 
The experiments described above are marked on the T-D phase 
diagrams (Figures 14.3 and 4.14) for reference. 
As explained above, it has always been assumed that the effect 
of increasing pressure on the structure of KH2PO4-type crystals in the 
paraelectric phase is to shorten the 0-H .....0 distance in the 
hydrogen (deuterium) bonds and so reduce the separatiOn, 6, of the 
double-minimum potential well in which the proton (deuteron) moves. 
This is expected to increase the 'disordering field' 0 and reduce the 
ordering field J, leading to the observed fall in T with increas-
ing pressure. In KD 2 PO4 only the latter happens (on this model) and 
so the effects are less dramatic. In order to test the assumptions 
Figure 4.3 	The temperature (T) 'versus deuteration level (x) phase 
diagram for KH 2 PO . The structural studies of KH2PO4 at atmospheric 













Figure 4.4 	The temperature (T) versus the deuteration level (x) 
phase diagram for RbH2PO4 . The structural studies of RbH2PO4 at 
atmospheric pressure described in this thesis are indicated by 
circles. 
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that have thus been made about the effect of pressure on the structure 
and to provide the structural parameters required for further analysis 
of the dynamical experiments and the parallel dynamical models now 
being developed, neutron powder-diffraction experiments at high 
Pressure (= 25 kbar) have been carried out on tetragonal KH 2 PO4 and 
KD2 PO4. These experiments are described in Section 4.6. 
14.2 Structural features of interest 
The ferroelectric transition in KH2PO4-type crystals is strongly 
linked with the distribution of the H ions along the 0-H ..... 0 
bonds. The symmetry of the paraelectric phase requires the hydrogen 
ion to be at the midpoint of each bond. However this may be only 
satisfied statistically with the hydrogen disordered between two off-
centre sites. The details of the hydrogen bond are shown in Figure 
14.2. The 0-H.....0 bond is of particular interest in the present 
study and several constraints, testing features of the bond, have been 
applied to the results of the single-crystal experiments described 
later in this Chapter. 
These constraints are 
i) the hydrogen is ordered (note this non-standard usage that 
has ome in to make simple constrast with 'disordered') i.e. it lies 
at the centre of the 0-0 bond at the point X(H),?,, 
the hydrogen lies on the 0.....0 line, and 
the z-coordinate of the oxygen = 	i.e. the 0.....0 bond 
lies exactly in the x-y plane. 
Other constraints tested were 
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14) the x coordinate of the hydrogen = x coordinate of the 
oxygen, 
the metal has isotropic thermal motion, 
the phosphorus has isotropic thermal motion, 
the oxygen has isotropic thermal motion,' and 
the hydrogen has isotropic thermal motion. 
14.3 Structural studies of KH 2 PO4 
14.3.1 The tetragonal phase of K112 PO4 at Tc + 5° K (127° K) 
A single-crystal specimen of KH2PO4 , obtained from R.R.E. Mal-
vern, was ground to a sphere of diameter 3 + 24 mm. 	and mounted, 
with the b axis vertical, in a cryostat see Sections 2.3.1 and 
3.1.1.). The crystal temperature was maintained at 127 + l° K, about 
5° K above the ferroelectric phase transition (122.50 K). 
The experiment was performed at the PLU T 0, reactor of A.E.R.E. 
Harwell using a Hilger and Watts Mk II two-circle diffractometer; 
normal-beaminclination geometry was employed. The neutron wavelength 
was 0 .871(3)A. Measurements were made of 11470 reflections, in five 
layers 0 < k < 14, out to sinO = 1.08A 1 . A 'standard' reflection 
was measured every five reflections. Since the tilt-angle of the 
detector was set for each layer in turn, each needed its own standard 
reflection. The zero-layer standard was remeasu.red each time the 
layer was changed. The intensity of the standards measured remained 
constant within three standard deviations. In general, four symmetry-
related reflections were measured. reducing the data to 362 indepen- 
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dent reflections. The error for each was taken to be the larger of the 
errors estimated from (a) the counting statistics and (b) the internal 
agreement of the contributing symmetry - related refJctions. (This 
procedure was used in all the single crystal experiments, described 
below.) The reflections were collected using an w-2e type of scan. 
The data were collected by Mr K.D. Rouse of A.E.R.E. Harwell. The cell 
dimensions for KH2 PO4 at various temperatures have been measured 
accurately by Kobayashi, Uesu, Mitzutani and Enomoto (1970 ). The cell 
dimensions for KH2PO4 at 1270  K, calculated by linear interpolation 
from their results are a = 7.1426(l)A and c = 6.927(l)A. 
No absorption correction was made to the integrated intensities. 
Least-squares refinement was started from the positional parameters 
determined for KH 2 PO4 at 132° K by Bacon and Pease (1955). The 
coherent nuclear scattering amplitudes were taken from the compilation 
of Bacon (1972). In the 'standard' refinement (i.e. with the hydrogen 
disordered over two sites along the 0 ..... 0 bond) designated model I, 
there were 214 variable parameters: a scale factor, an extinction 
factor, six positional parameters and sixteen anisotropic'thermal para-
meters. Extinction factors (see Appendix A) were mostly near unity 
being < 0.9 only for 38 (11%) of the reflections. The validity of 
the weighting scheme used for the reflections was tested by analysing 
(the mean value of 	Ai 2 where \4. = 
1 	 a2aFo) 
= IFoL-(F 	. and (FoL is the ith observed structure amplitude 
(see Section 2.3)) over successive small ranges of sine and IF01. As 
should be the case, there was no significant systematic dependence of 
on either sine or IFO1.  The refinement converged to an R index 
of 0.0143 and R 
W 
= 598 (these are defined in Section 2.3.2). The 
final positional and thermal parameters for the unconstrained disorder 
Table 4.1 
Positional andThermalParameters forKH2PO at 127 °K 
The positional parameters are in fractional coordinates, Uij are given in R 2 . Standard deviations are 
given on the last quoted place. Parameters without errors are determined by symmetry. The cell dimensions 










Y 	 z 
0 	0.5 
0 	 0 
0.0828(1) 0.1266(1) 
0.2264(3) 0.1216(9) 





U33 	 U23 	 U31 	 U12 
0.0067(4) 	0 	 0 	 0 
0.0081(3) 	0 	 0 	 0 
0.0092(2) -0.0019(2) -0.0025(2) 	0.0024(2) 
0.0205(8) -0.0007(8) -0.0031(8) -0.0025(9) 
Table 4.2 
Comparison of constrained models with model I for KH2PO4 at 127
0K 
The number of parameters in model I is N(25); the numbe 
than N by the tabulated Nn. R is tabulated from R and 
R= (R/598) t. • R was determined for a values of 0.50, 
The value of a given is the smallest of these for which 
for the constrained thermal parameters are in R2. 
r of parameters in the constrained model is n, less 
the value .P,(598) for the standard model as 
0.25, 0.10, 0.05, 0.025, 0.010, 0.005, and 0.001. 
R>R. 	is defined in section 2.3,3. The values 
Constraint N-n Rw R a Ra Constrained parameters 
H at 31 	8 4 929 1.246 0.001 1.028 27 
H on 0...0 line 1 618 1.017 0.001 1.016 1.7 
Z(0) 	= 	C/8 1 1050 1.325 0.001 1.016 36 
X(H) = x(0) 1 598 t 
K isotropic 1 648 ii.041 0.001 1.016 4.1 U11U22U330.0087(2) 
P isotropic 1 680 1.066 0.001 1.016 12 Ui1=U22=U33=0.0064(2) 
0 isotropic 5 1320 1.486 0.001 1.029 22 U11U22U330.0077(2) 
H isotropic 5 660 1.051 0.001 1.029 2.3 U11U22'U330.0199(3) 
Th R<Ra even for a 0.50 











KH2 PO4  atT+5° K(127°K): 
o 	= 
,ø' 	= 0'6(2)° 
H—H = 0•349(2) 
0-0 = 2.477(1) A 
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model are given in Table 14.1.The observed structure amplitudes and their 
estimated errors are given in Appendix B. The structure is essentially 
the same as that determined for KH2 PD4 at room temperature by Eirik-
sso (197). 
The techniques of constrained least-squares refinement and sig-
nificance testing (see Section 2.3.2) were used to determine the 
statistical significance of certain structural features. The constraints 
tested and the significance levels found for their rejection are 
given in Table 14.2. 
The tilt of the 0.....0 bond out of the x-y plane, see Figure 
14.5, is seen to be highly statistically and physically significant 
(c = 0.001, 	= 36). It is clear that the double-minimum (disorder) 
model for the H ion is strongly preferred, the separation of the H 
ions onto two sites being very highly significant (a = 0.001, t = 27). 
That the H ion does not lie on the 0.....0 line is highly statisti-
cally significant (a = 0.001) but on the fringe of physical significance 
(i = 1.7). It is 99.9% probable that the thermal motion of the 
K, P, H and 0 ions i, not isotropic (r = 14.1, 12, 2.3 and 22 
respectively). 
These conclusions are discussed further and compared with results 
from other structural studies of KH 2 PO4-type crystals in Section 14.8. 
14.3.2. The orthorhombic phase of KH 2 PO4 at 77° K 
A powdered sample of K112 PO4 was packed into a 12 mm.. vanadium 
can and mounted in a cryostat as described in Section 3.3. The sample 
was then cooled to the temperature of liquid nitrogen (77° K) and 
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maintained at this temperature (±2° K) throughout the experiment. 
The powder profile from the sample was recorded over 4 days 
using the P.A.N.D.A. powder diffractometer at A.E.R.E. Harwell. The 
sample was continuously rotated to minimise any preferred or1ntation 
effects. The neutron wavelength was i..5142(2)A. The profile was collec-
ted out to 20 = 1010 S1n0 = 0-50A71) and included 90 independent 
reflections. 
Bragg peaks arising from scattering by the aluminium in the cryo-
stat necessitated the exclusion of four regions of the profile from the 
refinement. Low-angle reflections with asymmetric peaks were also 
excluded. Starting from the structure determined by Bacon and Pease 
(1955) from a single crystal of KH 2 PO4 at 77° K, the data was refined 
using the Rietveld powder profile refinement program as modified by 
Hewat (1973). The refined cell dimensions were a = 10.550(2)A3, 
b = 10.468(2)A and c = 6.929(l)A. 
The background subtracted from the profile was very large 
because.of the incoherent scattering from the hydrogen; it was several 
thousand counts per point compared with an average peak height (after 
background subtraction) of one-two thousand counts per point. It was 
not possible to refine even isotropic thermal parameters reliably: any 
slight change in the background count, even within a standard deviation, 
resulted in a significant change in the isotropic thermal parameters 
of the ions. Therefore during the final refinement suitable values for 
the isotropic thermal parameters of the ions, estimated from those 
determined by Bacon and Pease (1955), were used and not varied. 
In the final refinement there were 17 variable parameters: a 
scale factor, a zeropoint, 3 hal±'width parameters, 3 cell constants 
and 9 positional parameters. The z coordinate of the K ion 
Positional parameters for KH2PO4 at 77 °K 
The positional parameters are in fractional coordinates. Standard 
deviationsare given on the last 2uoted place. The cell dimensions 
are a = 10.550(2), b = 10.468(2)X and c = 6.929(1). 
x 	 Y 	 z 
K 	 0 	 0 	 0.5170 
P 	 --0 - 	 0 	 0 
0(1) 	 0.1164(4) 	-0.0344(5) 	-0.1147(17) 
0(2) 	 0.0338(5) 	0.1167(5) 	0.1417(18) 
H 	 -0.0365(7) 	0.1870(7) 	0.1356(26) 
Figure 4.6 	The observed and calculated powder profiles for ortho- 
rhombic KR2P0 at 77 0K with the background removed. Regions of the 
scan around 440, 650, 750, 820 and  910  have been removed because 
of the presence of scattering from the aluminium tail of the cryostat. 
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proved to be unstable in early refinements and was fixed 0.511, the 
value determined by Bacon and Pease (1955). The position of the phos-
phorus was taken to be the origin. The final positional parameters 
are given in Table 14.3. The final R indices were RIUC  = 6.81, 
RPROF = 12.31 and RE = 6.81. (These are defined in Section 2.14.2.) 
A section of the observed and calculated profiles is shown in Figure 
14.6. 
The purpose of carrying out this experiment was to show that it 
is possible to obtain good agreement between the positional parameters 
of orthorhombic }Gi2 PO4 as d-termined by single-crystal and powder 
methods in preparation for the experiments on powdered orthorhombic 
KD2PO4 and RbH2 PO4. The agreement obtained between the positional 
parameters given in Table 14.3 and those determined by Bacon and Pease 
(1955) is discussed in Section 4.8. 
14.14 Structural studies of K(D0 H005 )2PO4 
14.14.1 The tetragonal phase of K(D095 
 H
O. 05 )2PO4 at room temperature 
The diffraction profile from a powdered sample of K(D 0 95H0 05 ) 2 PO4 
at room temperature was recorded, over two days, using the P.A.N.D.A. 
diffractometer at A.E.R.E. Harwell. The sample preparation is described 
in Section 3.1. The neutron wavelength, calibrated from the positions 
of several reflections from a standard nickel samle, was 1.332(2)A. 
The profile was collected out to 20 = 1010 (!lP. 	58l) in steps 
of 0.010 and included 93 independent reflections. 
Positional parameters for K(DO.9 SH O . 05 )2PO 4 at R.T. 
The positional parameters are in fractional coordinates. Standard 
deviations are given on thelast quoted place. The cell dimensions 
are a = 7.469(1) and c = 6.975(l). 
Y 	 z 
K 	 0 	 0 	 0.5 
P 	 0 	 0 	 0 
0 	 0,1497(5) 	0.0801(5) 	- 	0.1255(4) 
D 	 0,1491(7) 	0.2183(7) 	- 	0.1218(13) 
Figure 4.7 	The observed and calculated powder profiles for 
tetragonal KD 2PO4 at room temperature with the background removed. 
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The data was refined using the Rietveld powder profile refinement 
program as modified by Hewat (1973). The many gaps between the Bragg 
peaks in the diffraction profile enabled the background level to be 
specified accurately throughout the range of scattering angle 20. The 
four lowest angle reflections were omitted from the final refinement in 
order to minimise errors arising from peak-asymmetry. There were 18 
parameters varied in the final refinement: a scale factor, a zero-
point, 3 half\iidth parameters, 2 cell constants, 6 positional 
parameters, 14 isotropic thermal parameters and n(D), the occupation 
number of the deuterium ion. Varying n(D) was equivalent to varying 
the coherent scattering length b(D) which in effect converged to a 
value of 0.65(1).10
-12  cm., implying a percentage deuteration of approx-
imately 96% in agreement with the percentage deuteration implied by 
the final values of the cell dimensions (see Belouet, Mormier and 
Crouzier, 1975) and by the transition temperature for the crystal 
(see Section 3.2). The refined cell dimensions were a = 7.1169(1)A 
and c = 6.975(1)A. The final positional parameters are given in 
Table 1414 The final R indices were R 	 = 6.114, RPROF = 12.145NUC 
and R 	 = 7.147. The observed and calculated profiles are shown inEXP 
Figure 14.7. 
4.14.2 The orthorhombic phase of K(D095H005 ) 2 PO4 at 14.2° K 
A powdered sample of K(DQ 95H0 0 ) 2 Po4 was prepared and packed 
into a 12 mm. diameter vanadium can as described in Sections 3.1 and 
3.3. The sample was cooled to 14.2° K and maintained at this tempera- 
Table 4.5 
Positional parameters for K(D0.9 5 H0.05)2P013 at 4.2°K 
The positional parameters are in fractional coordinates. Standard 
deviations are given on the last quoted place. The cell dimensions 
are a = 10.576(l), b = 10.477(l)X and c = 6.928(l). 
x 
	
Y 	 z 
K 	 0 
	
0 	 0.5171(17) 







Figure 4.8 	The observed and calculated powder profiles for ortho- 
rhombic KD2PO 4 at 4 0K with the background removed. Regions of the 
scan around 330,  380, 660  and 700  have been removed because of the 
presence of scattering from the aluminium tail of the cryostat. 
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ture throughout the experiment. 
The neutron-diffraction powder pattern was recorded using the 
P.A.N.D.A. diffractometer at A.E.R.E, Harwell. The neutron wavelength, 
calibrated from the positions of reflections from a standard nickel 
sample, was 1.33(2)A. The profile was recorded out to 20 = 1090 
(sine = 0.61A) in steps of 0.010 and included 191 independent 
reflections. Four regions of the profile had to be excluded from the 
refinement due to the presence of Bragg peaks arising from scattering 
by the aluminium tail of the cryostat. Reflections with 20 < 25° 
were also omitted from the final refinement. The powder profile 
refinement program as modified by Hewat (1973) was used to refine the 
data. Overlapping reflections prevented an accurate determination of 
the background level above 20 = 90 0 
In the final refinement there were 23 variable parameters: 
a scale factor, a zeropoint, 3 halfwidth parameters, 3 cell const-
ants, 10 positional parameters and 5 isotropic thermal parameters. 
The refined cell dimensions were a = 10.516(1)A, b = 10.1477(1)A and 
c = 6.928(1)A. The final structural parameters are given in Table 
.5. The final R-factors were R 0 	6.1i5, RPROF = 9.87 and 
= 8.30. The calculated and observed profiles were in very good 
agreement and are shown in Figure 4.8. 
4.5 The monoclinic phase of KD 2 PO4 
The neutron-diffraction powder pattern from a sample of mono-
clinic KD2PO4 at room temperature was recorded using the P.A.N.D.A. 
diffractometer at A.E.R.E. Harwell. The KD2PO4 powder was then slowly 
cooled. Sections of the profile were repeatedly scanned in order to 
detect any change to a tetragonal or orthorhombic structure; there are 
striking differences between profiles of these phases and those of the 
monoclinic phase as shown in Figures 4.7, 1 .8,and 4.9 respectively. 
No change to either a tetragonal or an orthorhombic phase was observed. 
The complete monoclinic profile was recorded again at 77 ° K and at 
6° K. Thus at high deuteration the monoclinic phase is stable or at 
least metastable (the experiment took 7 days) down to 6 ° K. 
Starting from the room-temperature monoclinic structure deter-
mined by Thornley, Nelnies and Rouse (1975), the three data sets have 
been refined using the Rietveld powder profile refinement program 
(Rietveld, 1969). It was not feasible to refine the atomic positions 
since there are 32 atoms in the unit cell giving 95 variable 
positional parameters. With over 1,000 reflections contributing to 
the profile below 20 = 900 it was impossible to estimate accurately 
the background level above 20 = 250 . Low-angle asymmetric peaks and 
regions calculated to contain peaks arising from scattering by the 
aluminium tail of the cryostat were excluded from the refinements. 
Thus only the zeropoint, scale factor, halfwidth parameters, cell 
dimensions and an overall temperature factor were refined for each 
scan. The neutron wavelength was 1.323(2)A. The refined cell 
dimensions for monoclinic KD2 PO4 were 
T° K 	a(A) 	b(A) 	 C (A) 	MO 	 R NUC 
295 7.1460(2) 114.695(6) 7.160(3) 92.27(2) 	12.9 
77 7.1439(1) 114.629(3) 7.092(1) 92.26(2) 	10.2 
6 	7.1437(1) 	114.620(3) 	7.0814(1) 	92.28(2) 	10.6 
Figure 4.9 	The observed and calculated powder profiles for mono- 
clinic KD2PO4 at 77°K with the background removed. Regions of the 
scan around 330, 380, 550,  660 , 69 0  and  820  have been removed 
because of the presence of scattering from the aluminium tail of 
the cryostat. 
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in good agreement with those determined by Nelmes (1972) for room-
temperature monoclinic KD 2 PO4. The calculated and observed profiles 
were in very good agreement; the profile for monoclinic KD 2 PO4 at 
77° K is shown in Figure 4.9. 
1.6 The tetragonal phase of K(DH1 ) 2 PO4 	atHigh Pressure 
A powdered sample was prepared from a crystal of tetragonal 
K(DQ 88 HOl2)204 as described in Section 3.1. The sample was compress- . 
ed to 25 kbar using the portable clamp cell described in Section 
2.4.1 which was kindly made available to us by Dr D. Bloch of C.N.R.S. 
Grenoble. 
A room-temperature powder diffraction pattern was recorded in 
steps of 0.05° ( 28) out to sinO = 0.59A 1 using the DIA diffrac-
tometer at I.L.LGrenoble. The neutron wavelength, calibrated from the 
positions of reflections from a standard nickel sample, was 1.509(2)A. 
The sample was replaced by vanadium powder in order to record a back-
ground profile, again at 25 kbar. In both cases the profile was 
collected in three sections, each of 1 	of 20, rotating the 
pressure cell window between sections to allow the whole profile to be 
observed . The diffractometer DIA has 8 counters each spaced 60 
apart in the equatorial plane and each section of the profile was 
collected by allowing each counter to scan 6° . Since no section of 
the scan was collected by more than One counter the profile from a 
standard pressed A2.2 03 powder pellet was used to calibrate accurately 
the relative counter efficiencies. 
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The crystal structure was refined using the Rietveld powder pro-
file refinement program as modified by Hewat (1973). The principal 
difficulty in this experiment is that the scattering from the A. 2 03 
pressure cell and sample holder is very much stronger than that from 
the sample itself; this results from the large mass of the sample 
holder, relative to the sample, and from the proximity of the holder 
to the sample. Thus it was not feasible to subtract the background 
scan from the main profile. Nevertheless it proved possible to 
exclude the regions containing the 45 A2.2 03 peaks and also the 5 
M peaks arising from scattering by the cell leaving the profile of 
73 KD2PO4 peaks to be refined. There is however some uncertainty about 
background levels especially since the background has to be specified 
twice for every 60 (20) i.e. at the beginning and the end of every 
60 scan made by each counter. (This results from the fact that the 
8 counters have different efficiencies.) While this uncertainty made 
it impossible to refine meaningful isotropic thermal parameters, the 
positional parameters were only slightly affected by this problem. 
In the final refinement there were 13 variable parameters: a scale 
factor, a zeropoint, 3 halfwidth parameters, 2 cell constants and 
six positional parameters. The fixed isotropic thermal parameters 
used were taken from the refinement of KD2 PO4 at room temperature by 
Eiriksson (197 1 ). 
The refined cell dimensions were a = 7.335(4)A and 
c = 6.810(1)A. The final positional parameters are given in Table 
4.6(a). The final R-indices were RNUC = 10.2, RPROF = 25.5 and 
R EXP = 23.7 
This experiment was essentially repeated with a KH 2 PO4 sample. 
The wavelength was 1.910(2)A; the larger wavelength was used to 
Table 4.6 
The positional parameters are in fractional coordinates. Standard 
deviations are given on the last quoted place of those parameters 
allowed to vary. 
 
Positional parameters for KD2PO4 at r25kbar 
x Y z 
K 0 0 0.5 
P 0 0 0 
0 0.162(2) 0.079(3) 0.126(2) 
D 0.154(3) 0.218(6) 0.108(15) 
a 	7,335(4), c 	6,840(4). 
 
Positional parameters for KH2PO4 at 25kbar 
x Y z 
K 0 0 0.5 
P 0 0 0 
0 0.167(7) 0.077(5) 0.125 
H 0.18(1) 0.225 0.122 
a = 7.28(l), 	C 6.84(l). 
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separate out the A2 2 03 pressure-cell peaks. Unfortunately because 
of the incoherent scattering from the hydrogen in the sample and the 
shorter time allocated for this second experiment, only the four 
strongest KFI2 PO4 peaks were visible above the background level. 
The results of the refinements made using these four reflections are 
given in Table 1.6 (b). In the final refinement only the scale 
factor, zeropoint, the x and y coordinates of the oxygen and the 
x coordinate of the hydrogen were varied. The other parameters were 
fixed at the room-temperature atmospheric-pressure values determined 
by Nelmes, Eiriksson and Rouse (1974). The refined cell dimensions 
were a = 7.28(1)A and c = 6.81(i)A. in good agreement with those 
measured by Morosin and Samara (1971) for n2 PO4 at 25 kbar. 
(Although a similar comparison is not possible for KD 2 PO4 the cell 
dimensions refined suggest that the pressure used for the KD 2 PO4 ex-
periment may well have been around 20 kbar.) 
Both sets of results clearly show a significant increase in the 
x coordinates of both the 0 and H ions and a decrease (although 
not significant) of the > coordinate of the 0 ion. These changes 
imply a rotation of the PO4 group such that the 0.....0 distance 
is unchanged at high pressure. The implications of this effect are 
discussed in Section 4.8. 
4.7 Structural Studies of RbH 2 PO4 
1.7.1 The tetragonal phase of RbH 2 PO4 at room temperature 
A 2 mm'. cube single crystal of RbH2PO4 was prepared as 
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described in Section 3.1.1. The cell dimensions measured at room 
temperature using an X-ray diffractometer at Edinburgh University were 
a = 7.607(i)A and c = 7.299(2)A. 
The experiment was performed at the D ID 0 reactor of A.E.R.E. 
Harwell using a Grubb-Parsons MK VI four-circle diffractometer. The 
neutron wavelength, calibrated from a standard.sample of CaF2 of 
known cell dimensions, was 1.180(2)A. Measurements were made of 1410 
reflections out to sine 0.71A. A standard reflection was measured 
every ten reflections. The intensity of the standards measured 
remained constant within a standard deviation. In general two symmetry-
related reflections were measured; these reflections were averaged 
reducing the data to 1141  independent reflections. All the reflections 
were collected using an w-20 type of scan. 
Starting from the structural parameters determined for KH 2 PO4 
at room temperature by Eiriksson (19714), the data were refined using a 
full-matrix least-squares program developed by Dr G..S..Pawley of this 
department. In the standard 'disordered' refinement (i.e. with the 
hydrogen allowed to vary from X, , ) there were 25 variable para-
meters: a scale factor, an extinction factor, six positional parameters, 
sixteen anisotropic thermal parameters and the scattering length of 
rubidium. A firBt refinement with all 1141 reflections, yielded non-
positive-definite temperature factors for the hydrogen ion suggesting 
an inadequate treatment of the extinction. The 6 observations with 
extinction factors < 0.6 on JFJ were omitted from subsequent refine-
ments which then gave temperature factors which were positive-definite. 
(The removal of a further group of strong reflections made no signif-
icant difference to the refined parameters.) There was little varia-
tion in the =WA (see Section 2.3) over successive small ranges of 
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1F01, sinG and EXT F thus confirming the suitability of the weighting 
scheme used (see Section 14.3.1). The final refinement converged to an 
R index of 0.033 with R 
W 
= 1814. The final position and thermal 
parameters obtained for the standard (unconstrained) disorder model 
(see above) are given in Table 14.7. The scattering length of Rb 
refined to a value of b = 0.69(l).102 cm. in good agreement with 
the values determined by Copley (1970 ) and Wang (1970). The observed 
structure amplitudes and their estimated errors are given in Appendix C. 
Constrained least-squares refinement and significance testing 
were used to determine the statistical significance of certain 
structural features. The constraints tested and the significance 
levels found for their rejection are given in Table 14.8. 
It is clear that the 0.....0 bond does not lie in the x-y 
plane, since its tilt out of this plane is very highly statistically 
and physically significant (c = 0.001, t = 56) (see Figure 14.10). 
The separation of the H ions onto two sites is highly statistically 
significant (c& = 0.001) but on the fringe of physical significance 
(r = 
 
1.6). The displacement of the H ion away from the 0.....0 
line is not significant. The anisotropy of the thermal motion of the 
, H and 0 ions is very significant (a = 0.001, 	= ', 1.7 and 2 1 
respectively). The thermal motion of P, however, is not significantly 
anisotropic (a = 0.25). The difference between X(H) and X(o) is 
very significant (a = 0.001, C = 8). 
These results are further discussed and compared with other 
structural studies of K11 2 PO4-type crystals in Section 14.8. 
Table 4.7 
Positional and Thermal Parameters for RbH2PO4 at R.T. 
The positional parameters are in fractional coordinates, Uij are given mR2 . Standard deviations are 
given on the last quoted place. Parameters without errors are determined by symmetry. The cell dimensions 
are a = 7.607(l). and c = 7.299(l)R. 
I! 
x 	Y 
Rb 	0 	 0 
P 	0 	 0 
0 	0.1419(1) 	0.0859(1) 
H 	0.1385(5) 	0.2225(9) 
z 	 U11 	 U22 	 U33 	U23 	U31 	U12 
0.5 	0.0222(7) 	0.0222 	0.0144(8) 	0 	 0 	 0 
0 	0.0134(7) 	0.0134 	0.0152(9) 	0 	 0 	 0 
0.1201(2) 	0.0188(6) 	0.0164(9) 	0.0233(6) -0.0046(5) -0.0076(4) 	0.0028(4) 
0.1222(21) 0.0227(11) 0.0167(71) 0.0329(17) 0.0083(50) -0.0061(25) -0.0017(16) 
Table 4.8 
Comparison of constrained models with model I for RbH2PO4 at R.T. 
The number of parameters in model I is N(25) ; the number of parameters in the constrain çd model is n, 
less than N by the tabulated N-n. Ris calculated from the tabulated P,• as R= (R/l84). R, a and 
are determined as in table 4.2. The values for the constrained thermal parameters are in R 2 . 
Constraint N-n RW R Fla 
H at 4 219 1.091 0.001 1.076 1.6 
H on 0...0 line 1 185 1.003 O.S 1.002 0.1 
Z(0) = C/8 1 1200 2.554 0.001 1.046 56 
X(H) 	= x(0) 1 271 1.214 0.001 1.046 8 
bisotropic 1 294 1.264 0.001 1.046 9 
P isotropic 1 188 1.011 0.25 1.006 
0 isotropic 5 999 2.330 0.001 1.085 21 
H isotropic 5 224 1.103 0.001 1.085 1.7 
Constrained Parameter 
U 1 1U22U330.0l9(l) 
U1 1 =U22=U 33 =0.014(1) 
U1 1U22U3 30.018(1) 
Ui 1=U22=U3 30.025(l) 
Figure 4.10 The hydrogen bond in RbH 2PO4 at room temperature and 





RbH2 PO4 at RI 
	
e 	= 6(4) ° 
H—H = 0'20(3) 
0- 0 = 2.498t2) A 
at 	K 136 K: 
0 	= SO  
0 	= -1•5(1) ° 
H—H = O.37(9) A 
0-0 = 2.486(4) A 
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4 .7.2 The tetragonal phase of RbII2 PO4 at T + 5° K 
The RbH2 PO4 sample used in this experiment is the same sample 
as was used in the room-temperature experiment; its preparation is 
described in Section 3.1.1. It was mounted in a cryostat with the 
b axis vertical, thus enabling the collection of high-resolution data 
along c. In order to determine the phase transition temperature, the 
crystal temperature was slowly decreased while repeatedly scanning a 
strong Bragg reflection. The intensity of the reflection changed 
significantly on passing through the transition into the orthorhombic 
phase. The crystal's temperature was then maintained 5° K (+l° K) above 
the transition point, measured as 131(2) ° K. (This value disagrees 
with the value determined from the anomaly in the temperature 
dependence of the specific heat, l)47°K (Matthias, 1952), however this 
new value was verified and the difference remains unexplained.) The 
sample temperature was continuously recorded by a chart recorder. 
The experiment was performed on a Huger and Watts MK II two-
circle diffractometer on the P,LU T,O, reactor at A.E.R.E. Harwell. 
The use of the large cryostat meant that normal-beam inclination 
geometry was employed. The neutron wavelength was 1.075(2)A, calib- 
rated by using a CaF2 single crystal of known cell dimensions. Measure-
ments were made of 345 reflections, in four layers 0 < k < 3, out 
sine 
	
,--1. On averaging to 	0. bJ-i 	over symmetry-related reflections, 
two in general, 128 independent structure amplitudes were obtained. 
A standard reflection was measured every ten reflections. A different 
standard reflection was used for each layer; the zero-layer standard 
was remeasured whenever the layer was changed. No variation in the 
standard reflections, outsia& a standad deviation, was observed. The 
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reflections were recorded using an w-20 type of scan. The cell dimen-
sions measured on the diffracpmeter were a = 7..586(3)A and 
c = 7.25I4(1)A. 
No correction was made for the effects of absorption.Least-
squares refinement was started from the structural parameters deter-
mined for KH2 PO4 at room temperature by Eiriksson (1971). As with 
the refinement of RbH2PO4 at room temperature, in the standard (dis-
ordered) refinement - designated model I,there were 25 variable para-
meters: a scale factor, an extinction factor, six positional para-
meters, sixteen anisotropic thermal parameters and the scattering 
amplitude of Rb. Extinction effects again led to the temperature 
factors for the H ion being non-positive-definite and the eight 
reflections for which EXT F 1 0.65 on IF, were omitted. The value 
of W=h (see Section 2.3) averaged over small ranges of )F0) and sine 
was observed to be significantly greater for the strongest reflections. 
If the error o((Fo)) was less than 0.02 IF0) then aFo)) was set to 
0.02 IFOI otherwise the errors were not changed. There was then no 
significant variation of WA with either sine or )F. 
The final refinement, with 116 independent reflections, conver-
ged to an R index of 0.046 with R = 198. The final structural 
parameters for the unconstrained 'disordered' model are given in Table 
14.9. The structure is essentially the same as that determined for 
RbH2 PO4 at room temperature. The observed structure amplitudes and 
their estimated errors are given in Appendix D. 
The structural features of interest were tested using the tech-
niques of constrained least-squares refinement and significance testing. 
The results are given in Table 14.10. 
The tilt of the 0.....0 bond out of the xY plane is highly 
Table 4.9 
Positional and Thermal parameters for RbH2PO4 at 136 °K (Tc+5 0K) 
The positional parameters are in fractional coordinates, Uij given in R 2 .Standard deviations are 
given on the last quoted place. Parameters without errors are determined by symmetry. The cell dimensions 
are a = 7.586(3)k and c = 7.254(4). 
x 	 Y 
Rb 	0 	 0 
P 	0 	 0 
0 	0.1439(3) 	0.0862(2) 
H 	0.1421(11) 0.2247(6) 
Z 	 U11 	 U22 	U3 	U23 	U31 	 U12 
0.5 	0.0126(8) 	0.0126 	0.0079(8) 	0 	 0 	0 
0 	0.0099(7) 	0.0099 	0.0135(11) 	0 	 0 	0 
0.1207(2) 	0.0122(7) 	0.0093(7) 	0.0153(7) -0.0019(5) -0.0023(5) 	0.0027(11) 
0.1214(19) 0.0243(26) 0.0056(39) 0.0238(20) -0.0022(41) -0.0059(48) -0.0079(36) 
Comparison of constrained models with model I for RbH2PO4 at 136 °K (Tc +5 0K) 
The number of parameters in Model I is N(=25); the number of parameters in the constrained model is n, 
less than N by the tabulated N-n. R is calculated from the tabulated P as R = (R/198 )%R U,a and C are 
determined as in table 4,2. The values for the constrained parameters are in 
Constraint: N-n RW R cx Ra Constrained Parameter 
H at 4 244 1.110 0.001 1.101 1.5 
H on 0...0 line 1 203 1.013 0.25 1.008 0.4 
Z(0) = C/8 1 1310 2.572 0.001 1.061 43 
X(H) = x(0) 1 208 1.025 0.05 1.021 0.7 
isotropic 1 247 1.117 0.001 1.061 3.2 U11U22TJ 3 3=0.011(1) 
P isotropic 1 215 1.042 0.01 1.037 1.1 U.11U22tJ33=0.01l(1) 
0 isotropic 5 411 1.441 0.001 1.111 J.5 11 P, U111J22=U33=0.0ll(1) 
H isotropic 5 226 1.068 0.05 1.059 d.g U111J22U330.022(l) 
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significant (a = 0.001, 	= 13). The separation of the H ions onto 
two sites is highly statistically significant (a = 0.001) but on the 
fringe of physical significance (i = 1.5). That the H ion lies off 
the 0.....0 line is significant only at the a = 0.25 level. The 
difference between x(H) and 3(0) is significant at the 0.05 level. 
The anisotropy of the thermal motion of the R6 and 0 ions is highly 
significant (a = 0.001, t = 3.2 and 5.4 respectively). The aniso-
tropy of the thermal motion of the P and H ions is significant only 
at the 0.01 and 0.05 levels respectively. 
These results are compared and contrasted with the results from the 
room-temperature study and with results from structural studies of some 
isomorphous materials in Section 11.8. 
14.7.3 The tetragonal phase of RbH 2 PO4 at i60° K 
The neutron diffraction profile from a powdered sample of 
RbH2PO4 at l60° K was recorded using the P.A.N.D.A. diffractometer 
at A.E.R.E. Harwell. The sample preparation is described in Section 
31. The sample temperature was maintained at 160(l) ° K throughout 
the experiment; the temperature was recorded continuously on a chart 
recorder. The neutron wavelength, calibrated from the positions of 
reflections from a standard nickel sample, was 1.1433(1)A. In five 
days the profile was collected out to sino  = 0.514A 1 . 
To eliminate errors arising from peak asymmetry the two lowest 
angle reflections were omitted from the final refinement. Three 
regions of the scan calculated to contain peaks arising from scattering 
by the aluminium tail of the cryostat were also excluded from the 
Table 4.11 
Positional parameters for RbH2PO4 at 160 ° K 
The positional parameters are in fractional coordinates. Standard 
deviations are given on the last quoted place. The cell dimensions 
are a = 7.588(1)R and c = 7.256(l). 
x 	 Y 	 z 
Rb 	 01 	 0 	 0.5 
P 	 0 	 0 	 0 
0 	 0.1428(7) 	0.0860(10) 	0.1225(10) 
H 	 0.1388(18) 	0.2252(42) 	-0.1214 
Figure 4.11 	The observed and calculated powder profiles for 
tetragonal RbH2PO + at 160 0K with the background removed. 
Regions of the scan around 41 0 , 61 0 , 720 and  760  have been 
removed because of the presence of scattering from the aluminium 
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refinement. The background level was estimated from regions between 
the Bragg reflections. The data were refined using the Rietweld powder 
profile refinement program as modified by Hewat (1973). The z-coor-
dinate of the H ion proved to be unstable during several of the 
refinements. It was therefore fixed at the value 0.12114 taken from 
the single-crystal experiment at T + 5 ° K. Thus in the final refine-
ment 17 parameters were varied: a scale factor, a zeropoint, 3 
halfwidth parameters, 3 cell constants, 5 positional parameters, 
14 isotropic thermal parameters and the occupation number of Rb 
(thus varying the scattering length of Rb). The refined cell dimen-
sions were a = 7.588(1)A and c = 7.526(1)A in good agreement with 
the values obtained in the low-temperature single-crystal experiment 
(Section 14.7.2). The final positional parameters are given in Table 
14.11. The scattering length of Rb refined to a value of 0.67(1).1012 
cm.. The final R indices were RNUC = 8.08, RPROF = 19.97 and 
12.60. The calculated and observed profiles are shown in 
Figure 24.11. 
The purpose of this experiment was to show that good agreement 
could be obtained between the positional parameters of tetragonal 
RbH2PO4 as determined by single-crystal and powder methods. The 
results obtained are compared with those from Section 14.7.1 and 14.7.2 
in Section 1 .8. 
14.7.14 The orthorhombic phase of RbH2 PO4 at 77° K 
The powdered sample of RbH 2 PO4 used in Section 14.7.3 was 
cooled to 77° K and then maintained at this temperature throughout 
MME 
the experiment. The sample temperature was monitored by a chart 
recorder and did not vary by more than 1° from 77°  K. 
The experiment was performed using the P.A.N.D.A. diffractometer 
at A.E.R.E. Harwell. As in Section 4.7.3, the neutron wavelength was 
1.1133(1)A. The neutron-diffraction powder pattern was recorded, over 
5 days, out to s1n0 = o53A 1 (20 = 1000) in steps of 0.010 and 
contained 128 independent reflections. Scattering from the alumin-
ium tail of the cryostat necessitated the exclusion of four regions of 
the scan profile from the refinement. Reflections with 20 < 31° were 
excluded from the final refinement in order to minimise errors arising 
from peak asymmetry. 
The Rietveld profile refinement program as modified by Hewat 
(1973) was used to refine the data. In a standard refinement there 
were 24 variable parameters: a scale factor, a zeropoint', 3 half-
width parameters, 3 cell constants, 10 positional parameters, 
5 	isotropic thermal parameters and the occupational number of Rb. 
The refined cell dimensions were a = 10.800(2)A, b 10.672(2)A and 
= 7.242(1)A. 
The final positional parameters are given in Table 4.12. The 
scattering length of Rb refined to a value of 0.65(3).102 cm.. 
The final R indices were Rc 5.65, RPRQF = 15.78 and 
= 11.78. A section of the observed and calculated profiles is 
shown in Figure 11.12. The results from this experiment are discussed 
in Section 4.8. 
Positional parameters for RbH2PO4 at 77 0K 
The positional parameters are in fractional coordinates. Standard 
deviations are given on the last quoted place. The cell dimensions 
are a = 10.800(2), b = 10.672(2) and c = 7.242(l). 
x 	 Y 
Rb 	 0 	 0 
P 	 0 	 0 
0(1) 	 0.1146(5) 	-0.0282(7) 
0(2) 	 0.0283(8) 	0.1141(8) 






Figure 4.12 	The observed and calculated powder profiles for ortho- 
rhombic RbH2PO 
0 at 77 K with the.background removed. Regions of the 
scan around 41 0 , 61 0 , 720 and  760  have been removed because of the 
presence of scattering from the aluminium tail of the cryostat. 
¼ 












Degrees 2-The to 
.8 Discussion 
the- 
The structural studies of torthorhombic phase of KH2 PO4 at 77 K 
and the tetragonal phase of RbH2 PO4 at 1600 K were carried out to 
investigate the agreement between the structural parameters of hydrogen-
bonded ferroelectrics as determined using powder and single-crystal 
sample techniques. In Tables 4.13 and 4.14 the positional parameters 
and bondlengths for KH2PO4 at 77K (Section 4.3.2) are compared 
with the corresponding results taken from Bacon and Pease (1955). The 
positional parameters and bondlengths all agree within errer; the 
higher value for the z-coordinate of 0(2) in the powder study results 
in a slightly longer P-0(2) bondlength. 
The positional parameters of RbH2PO4 at 160° K are also in 
good agreement with the positional parameters from the single-crystal 
studies at room temperature and 136° K (Sections 4.7.1 and 4 7.2) and 
are compared in Table 1 .15 . However the z coordinate of the H 
ion was unstable in the powder refinement and was fixed at the value 
from the T + 5° K single-crystal study. This instability of the z 
coordinate of the H ion in the tetragonal phase has also been observed 
in powder profile refinements of tetragonal KH 2 PO4 and 
K(Do.6 H
O  ) 2 PO4 
at room temperature (not reported here). It probably results from a 
combination of the low resolution of the data collected (i.e. 
0.60and the low peak to background ratio resulting from the 
high incoherent scattering in the sample. and so under these conditions 
the powder profile refinement technique is not suitable for the complete 
structure determination of the tetragonal phase of KH 2 PO4 and its 
non-deuterated isomorphs. However, it is important to note, with 
respect to the structural studies reported in this thesis, that this 
Table 4. 13 
Positional parameters for KH2PO4 at 77 0K 
The positional parameters are in fractional coordinates. 
Standard deviations are given on the last quoted place. 
Powder Study Bacon & Pease 
(section 4.3.2) (1955) 
K X 0 0 
Y 0 0 
Z 0.517 0.5164(19) 
P X 0 0 
Y 0 0 
Z 0 0 
0(1) x 0.1164(4) 0.1164(3) 
Y -0.0344(5) -0.0339(3) 
Z -0.1147(17) -0.1169(17) 
0(2) X 0.0338(5) 0.0339(3) 
Y 0.1167(6) 0.1158(3) 
Z 0.1417(18) 0.1386(17) 
H X -0.0365(7) -0.0372(10) 
Y 0.1870(7) 0.1867(10) 
Z 0.1356(26) 0.1383(33) 
a 	 10.550(2) 10.54 
b 10.468(2):. 10.46 
C 	 6.929(1) 6,92g 
Th1c. & lit 
Bond lengths in KH 2 P014 at 77°K 
Standard deviations are given on the last quoted place. 
Distances are in R. 
Bond 	 Powder Study 
(section 4.3.2) 
O—H...O 	 2.491(7) 
0—H 	 1.046(10) 
P-0(l) 	 1.507(8) 
P—O(2) 	 1.607(8) 







Positional parameters for RbH 2P0 
The positional parameters are in fractional coordinates. Standard 
deviations are given on the last quoted place. 


















H 	X 	 0.1385(5) 	 0.1388(18) 	 0.1421(11) 
Y 	 0.2225(9) 	 0.2252(42) 	 0.2247(6) 
z 	 0.1222(21) 	 0.1214 	 0.1214(19) 
a 	 7.607(1) 	 7.588(1), 	 7.584(3) 
c 	 7.299(1), 	 7.256(1). 	 7.254(4) 
OUM 
instability of Z(H) was not a feature of powder profile refinements 
of the orthorhombic phase of KE2PO4-type materials (e.g. KH 2 PD4 itself 
at 77° K) or of the tetragonal phase of K(D0 95 11Q 05 )2 PO4. Therefore 
the powder method is suitable for the determination of the positional 
parameters (if not the thermal parameters) of the low-temperature 
orthorhombic phase of KH 2 PO4 and RbH2PO4 and of the tetragonal and 
orthorhombic phases of their deuterated isomorphs. 
The bondlengths calculated from the positional parameters of the 
tetragonal phase for the single crystal studies of KIT2 PO4 at room 
temperature (taken from Eiriksson, 1974), KH2 PO4 at T c + 5K 
(Section 14.3.1), RbH2 PO4 at room temperature (Section 14.7.1) and 
RbH2 PO4 at T + 5° K (Section 14.7.2) are given in Table 14.16. The 
small changes in structure which result from decreasing temperature 
can be deduced by comparing the two sets of bond lengths given for each 
compound. The H-H and 0-0 distances are both shorter in the lower 
temperature structures. The 0-H distance increases slightly; although 
the change is barely significant it is in agreement with the general 
rule that as the 0-0 distance contracts the 0-H bond weakens and 
become 	 11-Hlonger. For both compounds the 	ratio decreases by 
around 8% on decreasing the temperature to 5 ° K above the ferro-
electric phase transition. There is a significant increase in the value 
of 4), which is not significantly non-zero at room temperature, for 
KH2 PO4 (see Figure 14.13). The change in 4, for RbII2 PO4 is not 
significant although 4, is significantly non-zero and negative at both 
temperatures. A comparison of the positional parameters for the four 
structure determinations reveals that the oxygen x and y and the 
hydrogen x and. y coordinates, for both KH 2 PD4 and RbII 2 PO4, all 
increase with decreasing temperature. 
Table 4. 16 
Structural Features in tetragonal KH 2 PO 4 and RbH2 P0 
Bond lengths and cell dimensions are in R. Angles are in degrees. 
Standard deviations are given on the last quoted place. 
Structural 	KH2PO(R.T.) 	KH2PO4 	RbH2P0 1 (R.T.) 	RbH 2PO 14 
Features (1270K) (136 0K) 
0-H...O 2.494(2) 2.477(1) 2.498(2) 2.486(4) 
0-41 1.060(5) 1.066(1) 1.040(7) 1.051(5) 
H ... H 0.38 	(1) 0.349(2) 0.420(13) 0.387(9) 
P-0 1.539(1) 1.541(1) 1.536(2) 1.545(3) 
Ratio 0.153(4) 0.141(1) 0.168(5) 0.156(6) 
0 9(3) 8(2) 6(4) 8(3) 
0 0.1(1) 0.6(2) - 1.7(1) -1.5(1) 
sin0/X 1imit 0.82 1.08 0.71 0.76 
a 7.452(1) 7.426(1) 7.607(1) 7.584(3) 
c 6.973(2) 6.927(1) 7.299(1) 7.254(4) 














RbH2PO4 at R.T. 
KH2PO4 at T+5° K(127PK): 
o 	= 8(2)° 
14Y = 0•6(2)° 
H—H = 0.349(2) 
0-0 = 2-477( 'I j 
o 	= 6(4)° 
10' 	= -i•i(i) ° 
H—H = 0.420(13) 
0-0 = 2•498t2) A 
bH2 PO4 at 	K 136 K 
o 	= 80 
•0' 	= 
H—H = 0.387(9) A 
0-0 = 2.486(4) A 
The constraints, which were tested for KB 2 PO4 at T + 5° K and 
RbH2PO4 at room temperature and T + 5° K (Sections 4.3.1, 14.7.1 and 
14.7.2), and the significance levels for their rejection, are given in 
Table 14.17. The corresponding results, where possible, for KH2 PO4 at 
room temperature (Eiriksson, 19714) are also included. The sets of 
results have already been discussed individually in Sections 14.3.1, 
14.7.1 and 4.7.2. A comparison of the results reveals that the only 
significant change in the structural features tested, on variation of 
temperature, is that the thermal motion of the P ion becomes more 
anisotropic on cooling; the thermal motion is greatest along the c 
axis, the direction of the displacement of the P ion at the ferro-
electric transition. The P ion is not markedly anisotropic in 
RbH2PO4 . The double-minimum (disorder) model is strongly preferred in 
all four cases. The thermal motion of the Rb or K and 0 ions is 
not isotropic. The position of the H ion in RbH2 PO4 away from the 
0-0 line is not significant (i.e. 0 not significantly non-zero) in 
contrast to KB2 PO4 . 
The substitution of the larger cat 	
+
ion Rb for K results in 
larger unit cell dimensions for RbH2 PO4 (a 2% larger, c 5% 
larger). The tilt of the PO4 group about [ooi] also increases such 
that the hydrogen bondlength 0-H ..... 0 is closely the same for both 
RbH2 PO4 and KH2 PO4; this change is similar to the effect of increased 
pressure (see below). The tilt angle of the PO4 group (tan 
increases by about 2° on the substitution of Rb for K. Four of 
the neighbouring 0 ions around each Rb ion form a flattened tetra-
hedron; these Rb-0 bonds lie almost in the x-y plane. The room-
temperature Rb-0 distance for these four oxygens is 2.957(3)A. The 
other four 0 ions are at a slightly greater distance, 3.0147(3)A. 
Table 4.17 
Comparison of constrained refinement results for KH2PO4 and RbH 2PO4 
a and 	are defined in section 2.3.3. 
Constraint KH2P0(R.T.) KH2PO4(1270K) RbH2P0(R.T.) RbH2PO4(136 0K) 
a a a a 
H at x P498 0.001 0.001 27 0.001 1.6 0.001 1.5 
H on 0..0 line 	0.002 0.001 1.7 0.5 0.1 0.25 0.4 
Z(0)=C/8 0.14 0.001 36 0.001 56 0.001 43 
X(H)=x(o) 0.001 0.001 8 0.05 0.7 
K or Rb 0.001 0.001 4.1 0.001 9 0.001 3.2 
isotropic 
P isotropic 0.07 0.001 12 0.25 0.4 0.01 1.1 
O isotropic 0.001 22 0.001 21 0.001 5.4 
H isotropic 0.08 0.001 2.3 0.001 1.7 0.05 0.8 
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The difference between the bondlengths of 0.090(5)A is slightly 
larger than the difference between the corresponding K-O bondlengths 
in KH2PO4 which is 0.07(1)A. The slight concentration of Rb-0 
bond strength into the set of bondsl.eSS steeply inclined to the c 
axis reduces a relative to c, giving an axial ratio () of 0.96 
compared to 0.93 for KH2 P0. 
Some bondlengths for tetragonal KH 2 PO4, K(D088  H
O. 12 )2PO4 and 
K(D0 95H0 05 )2PO4 at room temperature are given in Table 1.18. The 
values for KH2PO4 and K(D Q 88H0 12 ) 2 PO4 are taken from the single-
crystal studies of Eiriksson (1974) and those for K(D 95H005 ) 2 PO4 
are calculated from the positional parameters (powder diffraction) 
given in Section 4.4.1. Increasing deuteration has a marked effect on 
the hydrogen bond, the 0-,D).....0 distance increases, the 0-I,D) 
distance decreases resulting in an increased !,D)-6,D) separation. 
However, as with decreasing temperature or the substitution of K -*  Rb 
the P-0 bondlength in the tetragonal phase remains virtually unaltered 
with increasing deuteration. 
In Table 4.19 some bond lengths for ortthorhombic KH 2 PO4, 
K(D0 95H0 05 ) 2 Po4 and RbH2 PO4 are given: the bond lengths were cal-
culated. from the positional parameters given in Bacon and Pease (1955), 
Section 1.4.2 and Section 4.1.4 respectively. When compared with the 
corresponding tetragonal bondlengths, the largest differences are in 
the P-0 distances: P-0(2) (0(2) may also be written 0(11)) is 
significantly longer than P-0(1) i.e. the P ion has moved away from 
the 0 ions which the H ions have moved towards. There is practi-
cally no difference between the corresponding P-0 bondlengths in 
orthorhoinbic KH 2 PD4 and RbH2 PD4 . However the difference between the 
two P-0 bondlengths is smaller in K(D095 
 H
O. 05 )2PO4. This isotpic 
Structural KH 2PO K(Do . 8 8H0 .12) 2P0 
features 
0—H...0 2.494(2) 2.523(2) 
0-41 1.060(5) 1.040(1) 
H,D...H,D 0.38(1) 0.448(2) 
P-0 1.539(2) 1.543(1) 
ratio H I D :::}1D 
0-0 
0.153(1) 0.178(1) 
0 9(3) 8(4) 
0 0.1(1) 0.43(4) 








Structural features in tetragonal K(D,H1_.)2PO 4 , x=0.0,0.88,0.95. 
Bond lengths and cell dimensions are given in R. Angles are in degrees. 
Standard deviations are given on the last quoted place. 
IN 
Table 4.19 
Inter-ion distances in orthorhombic KH 2PO 4 , K(D0095H 0 . 05 ) 2PO 4 , RbH 2PO 4  
Standard deviations are given on the last quoted place. 
Distances are in X. 
KH2PO4 	(77°K) K(D0.95H0.05)2PO(4°K) RbH2P0(77 0K) 
O-H ... O 2.486(4) 2.538(8) 2.489(14) 
2.549(6) 2.562(8) 2.547(11) 
0(H). .0(H)) - 	 2.521(6) 2.513(8) 2.511(14) 
O—H,D 1.05(1) 1.033(7) 1,061(12) 
P-0(l) 1.508(20) 1.518(6) 1.509(10) 
P-0(2) 1.583(20) 1.571(5) 1.584(13) 
trend was also recorded by Nakano et.al . (1974b) for a less deuterated 
KD2PO4 crystal. The 04 (of PO4) group is only slightly changed in 
the orthorhombic phase. Of the two 0-0 edges perpendicular to the 
c axis 0(l) -0(l) has increased slightly and 0(2)-0(2) (i.e. 
O(H)-O(H)) has contracted. The difference is approximately the same 
in KR2 PO4 and RbH 2 PO4 but is significantly larger in 
K(D0 95H005 )2PO4. The displacement of the K or Rb ion, relative 
to F, is 0.017(2)A in all three compounds. 
The experiment on monoclinic KD2 PO4 described in Section 4.5 
has shown that the monoclinic phase is stable, or at least metastable 
down to 6° K and therefore has added to our knowledge of the x-T 
phase diagram of KH2 F04 -KD2PO4 (see Figure 1.3). 
Raman studies at high pressure on the paraelectric and ferro-
electric phases of 1GI 2 PO4 and some isomorphous compounds have made it 
possible to examine critically the coupled proton-mode/lattice-mode 
model (modified tunnelling model) of KH2PO4-tyie ferroelectrics and 
to determine its fundamental parameters. Of particular interest are 
, the tunnelling frequency of the proton (deuteron in KD 2 PO4) in 
the absence of any coupling, and Q0 the collective tunnelling mode 
frequency which is dependent on the proton-proton (deuteron-deuteron) 
coupling, J. When no detectable rotation of the PO4 tetrahedra 
had occurred to a compression of 3 kbar, it was assumed by Morosin 
and Samara (1971), that, as the 0-H ..... 0 bonds.lie very nearly in 
the x-y plane, the O-H ..... 0 bondlength scaled with the a cell 
dimension. Since then, it has generally been assumedthat the structural 
effect of increasing pressure in the paraelectric phase is to shorten 
the O-H.....O distance and so reduce the separation, ô, between the 
minima of the double potential well in which the proton (deuteron) 
moves. rTh 4S is expected to increase the 'disordering field' Q and 
decrease the 'ordering field' J, and so reduce T, as observed. 
The main conclusion, from the high-pressure experiments described 
in Section 4.6, is that, contrary to previous assumptions, the PO4 
groups in both K112 PO4 and KD2 PO4 rotate with increasing pressure 
such that the 	 distance does not, within error, change. 
It is reasonable then to infer that 6, the H,D site separation, 
also does not decrease significantly with increasing pressure (seee. 
Table 4.20). (The increased D-D distance refined is not thought to 
be meaningful since the increase arises from an instability in the 
deuterium z coordinate, an effect which hs already been discussed.) 
This result, i.e. that the 04D . ..... 0 distance remains unaltered 
with increasing pressure, may well explain the then unexpectedly small 
pressure dependence of S1 and 	reported by Peercy (1975a). 
Table 4. 20 
Inter-ion distances in KD 2P0 at High Pressure 
Standard deviations are given on the last quoted place. 
Distances are in X. 
	
1 bar 	 25kbar 
0-0 	 2.523(2) 	 2.51(1) 
O—D
- 	
-. 1.040(1) 	 1.03(2) 
D ... D 	 0.448(2) 	 0.52(5) 
P-0 	 1.543(1) 	 1.57(2) 
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4.9 Comparison of powder and single-crystal techniques 
Both neutron powder and single-crystal diffraction methods were 
used in the structural studies described in this thesis. In general, 
the powder method eliminates the need for a 'large' single crystal 
(which may be difficult to grow), simplifies the design and use of 
ancillary equipment such as high-pressure cells, and requires less 
neutron beam time. The powder method was used to determine the 
crystal structures of orthorhombic KD 2PO4 and RbH2PO4 since it 
completely overcomes the problem of poling a single crystal (see 
section 2.1). 
The powder method is, however, not without its limitations. 
Of particular importance is the fact that, since no-one has yet 
tackled the problem of defining the number of independent observations 
in a powder scan, it is not yet possible to attach reliable statistical 
significance levels to any of the structural features found. For 
example estimated standard deviations on refined parameters cannot 
be properly derived; and statistical tests (such as the R-ratio 
test) cannot be used because they require degrees of freedom to be 
known. 
In the cases where the crystal structure was determined by both 
powder and single-crystal methods i.e, tetragonal RbH2PO4 and ortho-
rhombic KH2PO4 , the low resolution of the powder data, and the low 
peak to background ratio obtained made it impossible to determine 
as accurate structural parameters - particularly thermal parameters - 
using the powder method as were determined by single-crystal techniques. 
While this is not too important in certain cases (e.g. for the 
observation of the rotation of the PO 4 groups in KH2PO4 and KD2PO4 
under pressure) it does suggest that whenever accurate structural 
parameters are required the single-crystal method is to be preferred, 
especially for materials containing hydrogen. 
Chapter 5 
Structural Studies of Boracites 
CHAPTER 
STRUCTURAL STUDIES OF BORACITES 
5.1 Introduction 
The boracite family, named after the naturally occurring borate 
of magnesia, has the general formula, M3B 7 013X where M denotes a 
divalent metal such as Mg, Cr, Mn, Fe, Co, Ni, Cu, Zn or Cd, and 
X denotes one of the halogens C2., Br or I. In certain cases M 
can be monovalent Li and X can be OH, 5, Se, Te, F or NO3. From 
now on, a boracite will be referred to by its metal and its halogen (or 
substitute) only, for example Mg-C2 denotes Mg 3 B7 0 13 C2. 
Schmid (1965) has described a three-crucible technique for the 
crystal growth of most of the halogen boracites, notable exceptions 
being Mg-I and Cu-I whose synthesis has not yet been accomplished. 
Manganese, Lithium, chalcogen and hydroxyl boracites are more success-
fully grown using a hydrothermal technique (Joubert, Muller, Pernet and 
Ferrand, 1972). It has been suggested that the halogen - may be replaced 
by sulphur to create Mg-S, Mn-S, Fe-S and Cd-S; this would intro-
duce a charge imbalance and Levasseur (1913) and Fouassier, Levasseur, 
Joubert, Muller and Haggenmuller (1970) suggest M3B.012 
(01 D, - )( S -  U ), with x 0.15, as the most likely chemical 
2+X 2  X 1 X X 
formula. More recently, however, it has been suggested that the 
halogen is replaced by HS rather than S (Gould and Nelmes, 1977). 
The possible partial replacement of oxygen by iacancies implied that 
M could be a monovalent cation, which led to the preparation of 
L14B7 012X where X = C , Br or I (Levasseur, Fouassier and Hagen- 
muller, 1971, Jeitschko and Bither, 1972). The properties of boracites 
have been thoroughly reviewed by Nelmes ( 1974 ). 
The mineral Mg-CL exists in two phases, a cubic paraelectric 
phase, space group F13c,  and a low-temperature orthorhombic ferro-
electric phase, space group Pca2 1 . The transformation matrix from the 
cubic to the orthorhombic axes is (no, 12720, 001). In fact all the 
halogen boracites, with the exception of Cr-Br and Cr-I which 
remain cubic at least down to 10° K, transform on cooling from a cubic 
to an orthorhombic phase. The change of space group FE3c -'- Pca2 1 has 
been confirmed for Ni-CL and Ni-I and is generally assumed to apply 
to all the halogen boracites. Although relatively independent of the 
metal, the transition temperature, for a given N, decreases in the 
sequence X = CL -' Br - I. with the exception of Zn-CL, Zn-Br and 
Zn-I which transform around 786° K, 587° K and 693° K respectively. 
The crystal structure of both phases was first determined by 
Ito, Morimoto and Sadanaga (1951). The Fli3c cell contains eight 
formula units, the Pca2 1 cell contains four. For ease of description, 
we may consider only one eighth of the cubic unit cell, containing one 
asymmetric unit. The cubic framework of oxygen 0(1), boron B(1), 
metal (M) and halogen (x) ions is shown in Figure 5.1 (a). The 
oxygen 0(1) is taken as the origin, a site with 23 point-symmetry. 
The metal (M) and halogen (x) form ... X ... M ... X ... M ... X... chains 
directed along the three cubic axes and intersecting at the halogen 
(x) ions. Around these chains there is a continuous three-dimensional 
boron-oxygen framework. The 0(1) at the origin is surrounded tetra-
hedrally by four B(2) ions - the 0B4 group (Figure 5.1 (b)), a 
coordination unique amongst borate structures (Kriz and Bray, 1971). 
The halogen (x) is on a site of 23 symmetry; along each of the four 
triads passing through this site is the polar sequence 
Figure 5.1 	The structure of the cubic phase as determined for 
Mg-Cl by Ito et.al.(1951). One eighth of the F3c cell is shown, 
containing one formula unit. (a) the array of oxygen 0(1), 
boron B(l), and halogen (x) and metal (N) ions: some of the 4 
axes are marked. (b) the location of the B(2) ions relative to 
the 0(1) and (X) ions; the regular tetrahedral OBk group is illustrated 
for the origin 0(1); the triad axes are marked: alon9 each of these 
there is the polar sequence 0(1) - B(2) . .X .......... 0(1) 
the location of the 0(2) ions in general positions; only a few 
are shown, forming the structural elements BOa, MOi+ and 0B03. 
the 0B03 configuration around the B(2) ion; the two different 
0(2) triangles 03 and O are shown. 

























0B03 (or 0B(03')) 
Tn 
MO 
• 	 \€ 
C TJQ 0 
2-11 





~OB 	 4. 
0(l)-B(2)...X ...... 0(1). The part of the unit cell shown in Figures 
5.1 (a) and (b) is the true unit cell. The cell volume is increased 
eightfold by the addition of the oxygen 0(2) in a general position. 
The structural elements involving 0(2) are shown in Figure 5.1 (c) 
and (d). Each B(2) is in an 0B03 group bonded to one 0(1) and 
three 0(2) ions labelled 03A  formed by triad 1 (Figure 5.1 (d)). 
This arrangement in being neither the planer three-fold ncr the tetra-
hedral four-fold boron-oxygen coordination is again unique amongst 
borates (Waugh, 1968; Kriz and Bray, 1971). The B(l) ions are on 
sites of E symmetry, so each has four surrounding 0(2) ions forming 
the tetrahedral B04 groups (Figure 5.1 (c)). The metal ion, site 
symmetry E, is coordinated by four 0(2) ions to form a very flatt-
ened tetrahedron, designated the M0 4 group. The 0(2) ions have 
coordinates ±c along the I axis as shown in Figure 5.1 (c). There-
fore c represents the tilt of the B04 group about the 	axis. 
The operation of triad 2 on the 0(2) labelled B (Figure 5.1 (d)) 
produces another triangle, designated the 03 B  group, differing from 
03A in that it is not associated with any boron on the - triad. 
This description of the cubic structure of boracites, first given 
by Ito et.al . (1951) for Mg-C2, has now been quite widely confirmed 
for powdered Ni-I by Becker and Will (1970) using X-rays 
and neutrons, 
for a 11B-enriched single crystal of Ni-I by von Wartburg 
(197) from neutron data collected at 77° K, 
for a single crystal of Mg-C2. by Sueno, Clark, Papike and 
Konnert (1973) from a three-dimensional X-ray study at 673 ° K, 
for Li-Ce by Jeitschko and Bither (1972) from a three-
dimensional X-ray data set at 353°K, 
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for a single crystal of Cr-C. by Nelmes and Thornley (197) 
from a three-dimensional X-ray study at room temperature and 
for a single crystal of Ni-I by Nelmes and Thornley (1916) 
again from a room-temperature X-ray study. 
The inter-ion distances calculated from these data sets have been 
compared and contrasted by Nelmes and Thornley (1974). They conclude 
that the B-C framework varies little with different metal and halogen 
ions, with temperature or even with the creation of 0(1) vacancies as 
in Li-C9,. As a result of the 0(1) vacancy in Li-C2 there is no 
0B03 group and B(2) moves to be coplanar with-the 03A  oxygens. 
In their determination of the orthorhombic structure of Mg-C9, 
Ito et.al . (1951) assumed that the boron--oxygen skeleton remains un-
changed and that the orthorhombic phase differs from the cubic phase 
only in the position of the metal and halogen ions. A similar assump-
tion was made by von Wartburg (1974) in his determination of the 
orthorhombic structure of Ni-I. 
However, Dowty and Clark (1972) in a full three-dimensional X-ray 
study of a single crystal of Mg-C2 obtained displacements for the 
boron and oxygen ions of the same order of magnitude as the displace-
ments of the metal and halogen ions. That the boron and oxygen ions 
are displaced from the cubic phase positions has been confirmed for 
the orthorhombic phase of Cu7C2 (Thornley, Nelmes and Kennedy, 
1976) and Fe-I (Nelmes, private communication). 
These studies show that during the transformation to the ortho-
rhombic phase, the 0B4 and 0B03 groups are lost; only three of the 
B(2) ions remain bonded to the 0(1) ion, the fourth, designated 
B(2)-4, is three-fold coordinated to the 0(2) ions. The B-a frame-
work therefore adopts the conventional B-0 bonding system in 
contrast to the hybrid forms of the cubic phase. The halogen (x), 
S. 
Oft) and B(2)-4 ions are displaced along the triads of the cubic 
phase with 0(1) moving in the oppposite direction to X and B(2). 
All halogens lying in the same ['1001 	plane move in the same direction 
which is alternately 	(iii) and (iii) for successive planes. 
The metal ions all move along cubic (100) directions. The relative 
movements of the M anti X ions during the transition to theortho-
rhombic phase are shown in Figure 5.2. 
In their structure determination of orthorhombic Mg-Ce, Dovty 
and Clark (1972, 1973) found three symmetrically ineq.uivalent M sites 
with closely similar environments differing by approximately equal small 
amounts. This is also the case for the Cu ions in Cu-CZ (Thornley 
et.al ., 1916). Nelmes (private communication) however obtained a 
different atomic arrangement around Fe(i) from that around Fe(2) 
and Fe(3) in the structure determination of Fe-I. This possible 
difference is again suggested by Mossbauer, E.P.R. and N.M.R. studies 
of the orthorhombic phase of several boracites. Three different M 
sites were obtained by Rivera, Bill and Lacroix (1976, 1976a) from 
E.P.R. spectra of Mn 2 	in Mg-Ce. and Zn-C2 and by Zheiudev et.al. 1 
(1975) from Mossbauer spectra of 57Fe doped Mn-C2 and Co-C2,. At 
least two M sites were distinguished in E.P.R. spectra of Ni in 
orthorhombic Cd-C2. and Cd-I (Baberschke, Reich and Dormann, 1970). 
In contrast, only two distinguishable types of M site were obtained 
by Schmid and Trooster (1967) and Trooster (1969) in Mossbauer studies 
of orthorhombic phases of Fe-C2., Fe-Br, Fe-I and 57Fe doped Ni-C2. 
and Ni-Br and by Zheludev et.ai. (1975) from Mossbauer studies of 
Fe-C9,. Therefore. from present evidence, there seem to be at least two 
1 Zheludev, Perekalina, Pyl'nev, Smirnovskaya, Belov, Kostov and 
Yarmukhamedov, 
Figure 5.2 	Structural changes at the cubic to orthorhombic phase 
transition in boracite. One unit cell of the cubic phase, without 
the boron-oxygen skeleton, is shown. The arrows on the metal and 
halogen ions indicate the direction of their movements during the 
transition to the orthorhombic phase. (see text). The three different 
metal environments created are indicated. 
0 Hologen 
0 Meta I 
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different types of Orthorhombic boracite structures. 
At still lower temperatures, a rhombohedral phase, space group 
R3c, has been found to exist in Fe-C9, Fe-Br, Fe-I, Co-I and Zn-C9. 
(Schmid and Trooster, 1961). In a full three-dimensional X-ray study 
of the rhonibohedral phase of a crystal of ericite, (Fe 0 8o 2)3B1013c, 
Dowty and Clark (1972 , 1913) found only one M site and showed it to 
be slightly different from all the M environments in orthorhombic 
Mg-C2. This differs from Schmid and Trooster (1967) who from Mossbauer 
spectra identified the single M site in rhombohedral Fe-C9, Fe-Br 
and Fe-I with one of the two distinct types of metal coordination in 
the orthorhombic phase. In agreement with Schmid and Trooster, Rivera 
et.al . (1976a) from E.P.R. spectra of Ym 2+  in Zn-Ck boracite 
identified the single M site obtained with one of the M sites in 
orthorhombic Mg-C2. (Rivera et.al . 1976). 
Recently a monoclinic phase, space group Pa, has been found to 
exist in the narrow temperature regions between the orthorhombic and 
rhombohedral phases in Fe-Cit, Fe-I, Co-C2 and Zn-C9 (Schmid, Kliegl 
and Kobayashi, 1969; Kobayashi, Sato and Schmid, 1912). In Fe-I, 
two stable monoclinic phases appear separately depending on the history 
of the temperature change of the crystal. One phase, monoclinic 1, has 
been found to appear with decreasing temperature between 203 ° K and 
191° K and the other, monoclinic 2, with increasing temperature between 
205° K and 21K. The two phases have slightly different lattice para-
meters, thermal expansion coefficients and optical birefringences. 
Although no structural study of the monoclinic phase has been made to 
date, Kobayashi et.al . (1972) have proposed a model for the monoclinic 
phase of Fe-I and Rivera et.al . (1976a) a slightly different model 
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for Zn-CR,. 
At present there is little information published on either the 
structure or the phase changes of the chalcogen or hydroxyl boracites. 
X-ray powder patterns taken at room temperature of Mg-S, Mn-S, Mn-Se, 
Mn-Te, Fe-S, Fe-Se, Cd-S and Cd-Se all imply a crystal structure 
similar to F43c (Levasseur, 1913). Although the oxygen framework 
was similar to that of other cubic halogen boracites, Levasseur (1973) 
from a single-crystal study of Cd-S deduced the space group to be 
P3c1. This possible difference from the halogen boracites was supported 
when Mossbauer spectra of Fe-S also implied a more complicated struc-
ture than F43c (Levasseur, Rouby and Fouassier, 1973a). More recently 
however, Gould and Nelmes (1971) from an X-ray study of a single crystal 
of Cd-S at room temperature found no evidence against F43c; they 
also found that the metal ion, Cd, was disordered over two sites along 
the I axis. From E.P.R. spectra of Mn 2 in rhombohedral Mg-OH 
boracite, Rivera, Bill and Lacroix (1976b) obtained only one metal site, 
as in the case of Zn-CR, (Rivera et.al ., 1976a). 
The determination of the crystal stucture of boracites is 
complicated by the phenomenon of 'growth sectors' (Schmid, 1969). In 
the cubic phase boracites grow at different rates along (100 ) ( iii ) 
and (110 ). The resulting growth pyramids may exhibit different 
physical properties, in particular birefringence, dichroism, optical 
absorption, growth rate and electrical conductivity which increase 
through the sectors in the order (100) , (111 ) , (110 );. The 
difference in the magnitude of these effects increases as 
X = C - Br -- I (Nelmes, 1974). From X-ray structural studies of 
(100) and <110 ) growth sector specimens of Ni-I, cut from the 
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same parent crystal, Nelmes and Thornley (1976a) found no departure 
from cubic symmetry for the average crystal structure of either specimen. 
Nelmes and Thornley (1976a) also concluded that the appearance of the 
birefringence in the (no ) growth sector crystal of Ni-I could not 
be explained by considering the effects of uniaxial strain, screw 
dislocation strain or of quadruple transitions in Ni 2 and so the 
origin of the phenomenon remains uncertain. 
The phenomena of pyro- and pie zo-electricity were first demonstra-
ted for natural boracite, Mg-CZ, by Curie and Curie (1880) and 
Friedel and Curie (1883). Whether or not the mineral boracite and its 
synthetic isomorphs were ferroelectric had been de'ated for some time 
before ferroelectricity was first demonstrated for Mg-CL by Le Corre 
in 1957. The observation of domain-switching (Asher, Schmid and Tar, 
196) confirmed that the orthorhombic phase of Ni-CL was ferro-
electric. Ferroelectric behaviour has now been demonstrated, for 
orthorhombic Ni-I. (Ascher, Rieder, Schmid and Stossel, 1966), 
Fe-I (Kobayashi, Schmid and Ascher, 1968), Ni-Br, Mn-CL, Zn-CL 
(Zimmermann, Bollmannand Schmid, 1970), Co-I (Smutny and Foucek, 
1970), Co-Br, Zn-Br, Zn-I, Cr-CL, Cu-CL (Schmid, 197)4) and Cu-Br 
(Drozhdin, Bochkov, Gavrilova, Popora, Kopstik and Norvik, 1975); 
for rhombohedral Zn-CL, Fe-CL, Fe-Br, Fe-I and Co-CL (Schmid, 1970); 
for monoclinic Zn-CL (Zimmermann et.al ., 1970) and is now assumed to 
be a property common to all halogen boracites below the cubic ± ortho-
rhombic transition. 
Members of the boracite family also possess interesting magnetic 
propeities. Magnetic susceptibility measurements on powders of Fe, Co, 
Ni and Cu halogen boracites have shown them to order anti ferromagnet- 
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icallyin their ferroelectric phase (Q,uze1 and Schmid, 1968). This 
anti ferromagnet ism is usually accompanied by the appearance of a weak 
ferromagnetic component. 
The cubic (paraelectric) -* orthorhombic (ferroelectric) phase 
transition in boracites is an example of an "improper" ferroelectric 
transition - a transition in which the spontaneous polarisation is not 
the primary order parameter. In fact, the transition can be associated 
with the normal coordinate of a zone-boundary 'soft' mode as the primary 
order parameter (Ascher, 1970; Dvorak and Petzelt, 1971). Instability 
in such a mode can induce, through anharmonic coupling to q. = 0 optic, 
and acoustic modes, spontaneous polarisation and spontaneous strain as 
secondary order parameters, varying as (TTc)  in the ferroelectric 
phase. Boracites therefore give examples of 'coupled phase transitions' 
- transitions involving more than one order parameter (see Section 
1.2). 
Two soft modes have been observed in Raman spectra of the ortho-
rhombic -phase of Cr-Ci and Cu-C2. (Lockwood, 1975, 1976, 1976a, 
1977). A low-frequency wing feature observed in the cubic phase 
arises predominately from one-phonon scattering and implies some kind 
of dynamic disorder (Lockwood, 1977). This wing feature persists in 
the orthorhombic phase and finally disappears around T-50°K. The 
damping of low-frequency phonons observed in Raman spectra of Ni-I, 
Cr-C2, and Cu-C2 increases on replacing I with C2 and for the 
chlorides is greater in Cu-C9,. The heavier damping in Cu-Ck implies 
a greater degree of enharmonic thermal motion in this boracite. A 
soft mode has been observed in Raman spectra of the cubic phase of 
Ni-I. This feature, which was not observed in the cubic phase of 
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Cr-CZ or Cu-C9, suggests that the improper ferroelectric transition 
in Ni-I differs from that of the other boracites (Murray and Lockwood, 
1977). 
In crystals of Ni-I, Fe-Br, Cr-C2. and Cu7C9, F&ix (1973) and 
F&ix, Lambert, Comas and Schmid (1971) found X-ray diffuse scattering 
in the cubic phase concentrated in reciprocal lattice planes perpendic-
ular to the (100•> 	directions of the cubic cell. As with the wing 
feature in the Raman spectra (see above), this scattering is very weak 
below Tc_50°K  but becomes much more pronounced as Tc is approached 
and also develops a marked modulation within the planes. The sharpness 
of the planes and the strength of modulation within the planes increases 
in the sequence X = I -* Br -'- C9 and is greater in Cu-C2 than in 
Cr-C2,. These results may be interpreted in terms of short-range order-
ing in which unit cells have metal and halogen displacements similar to 
those found for the orthorhombic phase (Ito et. al., 1951; Thornley et. 
al., 1976) but in each subcell, containing one formula unit, M and 
X each occupy only one of their possible sites (F1ix, 1973). Alter-
natively the diffuse X-ray scattering results could be interpreted in 
terms' of highly anisotropic dynamics (see Nelmes, 197 4 ). 
In both the Raman and X-ray diffuse scattering studies (see 
above) the most pronounced effects were obtained with Cu-CP boracite 
and it was therefore decided to determine the crystal structure of 
Cu7C2, in the cubic phase at 390° K (25° K above Ta);  details of this 
experiment are given in Section 5.3. The first order character of the 
transition decreases with decreasing mass and size of the halogen. It 
has been shown that the cubic -- orthorhombic transition in Cu-C9 is 
the closest to second order (F1ix et. al., 19114); this suggests that it 
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Would be the most suitable boracite for a dynamical study of the 
improper ferroelectric transition, necessary in order to identify the 
dynamical features associated with the structured X-ray diffuse 
scattering and to examine the implications of the results of the 
Raman studies. From the cubic structure (see Section 5.3) and the 
structure of the orthorhombic phase (Thc:'nley et.al ., 1916) the ionic 
displacements were found thus allowing the estimation of the eigen-
vectors for the Zone-boundary mode believed to be involved in the 
transition. In a preliminary study of the dynamics of Cu-C9., by 
Nelmes and Meyer (1917), temperature dependent quasi-elastic scattering 
was observed, sharply localised around a number of zone boundary points. 
The strongest scattering was observed around (1 6 0) in agreement 
with the calculated dynamical structure factors. 
The possibility that the metal and halogen ions are disordered 
in the cubic phase had previously been suggested by Ito et.al . (1951), 
Schmid (1970) and Ascher (1970). The halogen (x) is on a site of 
23 symmetry; along each of the four triads passing through this site 
there is the polar sequence 0(1)-B(2) ... (x) ..... 0(1). The suggestion 
is that the halogen ions move in a saddle-like potential with minima, 
along the four triads, a distance S away from B(?) towards the 
oxygens (see Figure 5.1 (b) and (d)). The displacements are therefore 
along (ill] , [1111 , [ nil and [liii. The proposed disorder for the 
metal, site symmetry 14, is between two minima, along the E axis, 
displaced by y from the mean position. For the metal ion at 
the 14  axis is along the Z axis and the disordered posi-
tions are It is then assumed that the halogen and metal 
ions order onto one of their cubic phase sites at the cubic ± ortho-
rhombic transition. Support for this disordered model came from 
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experiments by Sueno et.al . (1973) on cubic Mg-C9 who refined 
-. 
 
0.3A and y - 0.2A, von Wartburg (1973, 197 1 ) on cubic Ni-I at 
77° K who refined iS 0.7A and y -. 0.2A, and by Trooster (1969) who 
obtained marked anisotropy in the thermal motion of the metal ion along 
the I axis in Mossbauer experiments on Fe boracites and 57Fe. doped 
Ni boracites (the degree of anisotropy increased as X = I -* Br -'- C2.). 
In single-crystal studies of the cubic p1iase of Cr-C2. and Ni-I 
at room temperature, however, Nelmes and Thornley (197 )4, 1975) showed 
that neither the halogen nor the metal move between potential minima 
separated by the amounts > 0.4A previously suggested and concluded 
that, within the resolution of their data, both ions move in single-
minimum potential wells. This result is supported by Rivera, Bill, 
Weber, Lacroix, Rochstrasser and Schmid (1971) who from E.P.R. spectra 
on Zn-CZ, Zn-Br, Zn-I and Mg'-C9 found that the electric field grad-
ient tensor at the metal site has uniaxial symmetry about the 1 axis, 
and indirectly by the entropy change measured for the cubic ortho-
rhombic transition in Co-I (Smutny, 1972) being much smaller than 
would be expected if the halogen and metal ions were ordering onto 
their suggested disordered sites. Nelmes and Thornley (197) argued 
that all previous disorder results could be shown to be spurious with 
the exception that they could bring only indirect arguments to bear on 
von Wartburg's experiment on Ni-I at 77K (von Wartburg, 197I). 
It was decided to try to resolve this remaining uncertainty by 
repeating the experiment of von Wartburg this time extending the data 
to a full three-dimensional data get; von Wartburg measured only 23 
independent structure factors in a single zone of data. This experi-
ment and the conclusions drawn from it are reported in Sections 5.1 and 
5.5. 
5.2 Structural Features of Interest in Boracites 
As mentioned in the pTevious section the thermal motion of the 
ions, especially of the halogen and metal ions, is particularly inter-
esting. It has been suggested by Ito et.al . (1951) and Schmid (1970 ) 
that the halogen ions are disordered over four sites, in the high-
temperature cubic phase, each displaced by 6 from their mean position 
towards the 03B oxygen  i.e. along [111] , [ ill  , [l15] and [Li] 
Later Ascher (1970) suggested that the metal ion, site symmetry I, is 
disordered over two sites displaced by y along the 1 axis from the 
mean position. 
It is possible for the halogen ion to test the disordered model 
directly by displacing it along one triad to a position (u,u,u) then 
including the parameter u as a variable in the refinement. The small 
magnitude of y, the proposed metal displacement, and parameter 
correlation prevent a similar test being successful for the disorder 
model of the metal ion. 
An alternative theory to disorder is that the thermal motion of 
the metal and halogen ions is significantly anharmonic. This anhar-
monicity may be investigated by refining higher cumulants. In addition 
to the normal positional parameters (a3 ) and anisotropic thermal 
parameters (bJk),  the first and second cuxnulants respectively, the 
least-squares refinement program has been modified to allow refine-
ment of third and fourth cumulants describing anharmonic contributions 
to the probability density function (P.D.F.) for thermal motion which 
are respectively antisymmetric and symmetric about the mean position 
X 
T 
• The modified structure factor expression may be written as 
- 
.. 
F(H) = I BeXp(ia (H))exp(s(H)) 
r 
where the rth atom at X =( x 'X2Xr3) has scattering length Br r r  
and, 
a (H) = 2irX 3H - , JkH
j
KH 
r — 	r j 	r  
_27r 2b JkH.Hk + d r jk2dnHH H H 
jkm 
j, k, 2, m = 1, 2, 3. 
The H are components of the reciprocal lattice vector H and the 
coefficients describe the harmonic thermal motion of the rth 
atom (Johnson, 1969, 1970 ). 
jk2 In general there are ten c. 	and fifteen independent d jk2m  
cumulant coefficients for each ion. However the site symmetry at X 
reduces the number of independent parameters. The independent non-zero 
elements for the metal, halogen and B(2) sites in cubic boracites are 
given in Table 5.1. 
The anharmonic thermal motion of the halogen, site symmetry 23, 
may be described by one third-cumulant parameter and two fourth-cumulant 
parameters (Johnson, 1970). The third cumulant, 123, is of particular 
interest since it describes a tetrahedral distortion of the potential 
well of the halogen such that the potential is softened along [1111, 
[ill] and [1111 (the proposed directions of 5) and hardened 
along [111], [in], [1111 and [iii] - or vice versa depending on 
the sign. 
The metal ion has two third-cumulant parameters and five fourth- 
Table 5.1 
Independent elements of the third-and fourth-cumulant tensors 
Elements not listed are zero by symmetry. The relationships for the metal (M) 
apply to the (?,,O) sites with 	along z. The symbol 0 indicates that the 
given element is equal to all others obtained by permutation, 
e.g.1233 	1233 = 2311 = 3122. 
Site 	 Number of indepen- 
Ion 	symmetry 	Cumulant 	Elements 	 dent elements 
N 	 3K 233 = -113, 123 	 2 
4KJk1I 1111 = 2222, 3333 5 
1122 = -2111, 1122, 
2233 = 3311 
X 	23 	 3Kkl 123 1 
Kjklm llllC,. 1133 C 	 2 
B(2) 	3 	 3K 111O •112C, 1130 123C 
11110', 1112C', 11130 
1122, 12330' 	 5 
I 
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cuxnulant parameters. The 3333 fourth-cumulant is particularly 
relevant when considering disorder since it describes the potential 
along the 11 axis which is the proposed direction of y, the displace-
ment of the metal ion from its mean position. 
Constrained refinement and significance testing techniques (see 
Section 2.3) may be used to determine the statistical significance of 
certain structural features. The boron-oxygen framework was investi-
gated by testing the validity of the following constraints, 
i) the 0(2)-0(2) distances in the B0 4 group are all equal 
and are also equal to the 0(2)-0(2) distance in the 03 	group, 
the B04 tetrahedron has cubic (13 m.) symmetry, and 
B(l)-0(2) in 1304 equals B(l)-0(2) in 0B0 3 . 
Other constraints tested were: 
14) the metal ion has isotropic thermal motion, 
the 13(2) ion has isotropic thermal motion, 
the 0(2) ion has isotropic thermal motion, and 
the B(l) ion has isotropic thermal motion. 
5.3 The cubic phase of copper chlorine boracite 	C11B7 0 1 3C2, at 
390° K 
5.3.1 Experiment 
A crystal of 11B-enriched copper chlorine boracite was supplied 
by Dr H. Schmid of the Battelle Institute, Geneva (see Section 3.1.1). 
The sample was mounted in a furnace as described in Section 2.3.1. The 
experiment was performed at the PLUTO, reactor at &.E.R.E. Harwell 
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using a Hilger and Watts four-circle diffractometer. The temperature 
of the sample was monitored by a thermocouple and recorded on a chart 
recorder throughout the experiment. The temperature did not vary by 
more than 4° K from 390° K. The cubic -- orthorhombic transition in 
copper chlorine boracite occurs at 3650IC (Lan dolt -Bornstein, 1966). 
As a result of the frequent malfunctioning of the diffractometer and 
the PDP8 computer which controlled it, the data used in this 
experiment was collected in two parts, separated by several months. 
The neutron wavelength for the first experiment was 1.137A (but see 
below). Measurements were made of 1014 reflections out to 0 = 550 
sine = 0.72A 1 . This included 102 absences measured between 
Ix 
390 < 
0 < 400; none of them had significantly non-zero intensities. 
The standard reflection (12,0,0), measured every ten reflections, did 
not vary by more than one standard deviation throughout the experiment. 
All intensities were L-corrected. No correction was made for absorp-
tion (see Section 3.1.1). In general, 14 symmetry-related reflections 
were measured; their intensities agreed within counting statistics. 
These reflections were averaged (see Section 2.3) to produce a single 
set of 168 inequivaient reflections. This set consisted'. of 139 
'observed' reflections and 29 'unobserved' reflections. The 'unob-
served' reflections were all hh2 reflections with both h and 2 
odd; these c-glide absences were then removed leaving 139 observed 
structure amplitudes to form data set 1. 
First least-squares refinements of this data set implied a 
considerable degree of extinction in the crystal (the extinction 
factors (see Appendix R) for 31 of the 131 reflections were 
< 0.7 on iD. In an effort to reduce this effect the neutron wave-
length was lowered to 0.877A for the data collection of the second 
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part of the experiment. At this wavelength 285 reflections between 
314° < 0 < 55° (0.61A' < 
S]-flO 
< 0.93A 1) were measured. This data 
set, therefore, overlaps the first data set. In order to concentrate 
on the position and motion of the copper and chlorine ions in the short 
time available 256 of these were h, k and £ all even reflections; 
the 0(2) oxygen ion alone contributes to h, k and k all odd 
reflections (see Section 5.1). The intensities were L-corrected. As 
with data set 1, the intensities of symmetry equivalents agreed within 
counting statistics and they were averaged to produce a single set of 
71 independent structure amplitudes. This set was designated data 
set 2. 
The reflections in both the first and second parts of the 
experiment were collected using an w20 type of scan (see Section 2.3) 
counting at 80 + 20tanO steps of width 0.02° ; 10 steps at each 
side of the scans were used to estimate the background level. The 
lattice parameter, determined by fitting Bragg reflections at high and 
low 0, was found to be 12. 025(9)A in the first experiment and 
11.970(14)A in the second experiment. The latter value was taken to be 
the correct value since the wavelength 0.877(2)A was determined using 
a standard CaF2 crystal; a precaution not taken in the first experi-
ment. This value (11.97A) then implies a wavelength in the first 
experiment of 1.132A. The observed structure amplitudes which make 
up data sets 1 and 2 are given in Appendix E. 
5.3.2 Refinement and constraints 
Structure refinement was started from the values obtained for 
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Ni-I at 77° K (Section 5.11.2), using the full-matrix least-squares 
program developed by Dr G.S. Pawley of this department. Initially, 
18 structural parameters, the scattering length of boron, two scale 
factors and two extinction factors were refined. At first, non- 
positive-definite temperature factors were obtained for the 0(2), B(l) 
and B(2) ions. Since this was most probably due to an inadequate 
treatment of the extinction, the reflections with an extinction factor 
< 0.7 on !FEJ were then omitted from subsequent refinements. This 
then gave temperature factors which were positive-definite. The ratio 
of the scale factors of the two data sets and the relative magnitude 
of the structure amplitudes of reflections common to both data sets 
were used to scale data set 2 to data set 1. The reflections common 
to both sets were averaged and only one scale factor (but still two 
extinction parameters) was then refined. This produced a final data 
set of 156 structure amplitudes IFol each with a weight 	= 1  a t' 2(  
The validity of the weighting scheme for these reflections was tested 
by analysing wAT (see Section 2.3.2) over successive small ranges of 
FoI and sine. There should be no significant dependence on either 
sine or IF01. To achieve this, the o(IF01) estimated for the strongest 
reflections had to be increased; if 
cj)  was less than 0.02 
then a(tFoL) was set equal to 0.02\Po1:,  otherwise no change was made. 
The value of w=A was also sampled over small ranges of EXTF; no 
significant dependence on extinction was found. 
The final standard refinement converged to an R index of 
0.058, and R 
Uj 
= 220. (These are defined in Section 2.3.2.) The 
model thus reached with 22 parameters - a scale factor, two extinc-
tion factors, four independent positional parameters, fourteen inde-
pendent thermal parameters and the scattering length of boron - was 
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designated model I. The scattering length of boron refined to a value 
of b = 0.65(1) .l0 12 cm.. A refinement was also performed using only 
data set 1 and gave, within a standard deviation, the same positional 
and thermal parameters as the combined data set. 
The final positional and thermal parameters obtained for model I 
are given in Table 5.2. The structural features of interest discussed 
in Section 5.2 were then tested in refinements, with constraints (hence 
with less parameters) or with cumulants (as extra parameters) based on 
the final parameters from model I. 
The resulting fit obtained with each hypothesis is then compared 
with model I as shown in Table 5.3. It is then seen that all the 
short 0(2)-0(2) distances are not the same (hypothesis 1). The 
differences are highly significant (a = 0.001, 	= 31). Similarly the 
distortion of the B0 4 group, by compression along the 4 axis (hypothesis 
2), is highly significant as is the difference between the B(l)-0(2) 
distance in the B04 group and the B(2)-0(2) distance in 0B03 (hypothesis 
3). The anisotropy of the thermal motion of Cu and B(2) is clearly 
significant (hypotheses 4 and 5). Although the thermal anisotropy of 
0(2) is highly statistically significant, 	has the marginal value 1.9. 
The thermal motion of B(l) is not significantly anisotropic. 
The significance levels obtained for the inclusion of third-
and fourth- cumulant parameters for the Cu, CZ and B(2) ions are given 
in Table 5.4. The third cumulant on C2 is significant at the 0.005 
level, though C is less than 2. The inclusion of all the third cuinulants 
of B(2) and Cu is significant only at the 0.1 level. The fourth cumulant 
tensors for CZ and B(2) are not significant while the fourth cumulants 
on Cu are significant only at the 0.25 level. 
Significance levels for the inclusion of individual cumulant 
Table 5.2 
Positional and thermal parameters for 	CuB7013CZ 	at 	390° K 
The positional parameters are in 	A, 	Uij 	are in A2 	and 	B 	is 
A2 
in =8 	units. 
Standard deviations are given on the last quoted place. Parameters without 
errors are determined by symmetry. 
X Y Z U1 I ' U22 	 U33 U23 U32 U12 
0(i) 0 0. 0 
CZ 2.993 2.993 2.993 
Cu 2.993 2.993 0 0.0051(9) 0.0051 	0.01 l0(29) 0 0 0 
B(l) 2.993 0 0 0.0015(13) 0.0032(11) 	0.0032 0 0 0 
B(2) 0.971(2) 0.974  0.971 0.0079(8) 0.0079 	0.0079 0.0060(6) 0.0060 0.0060 





Comparison of constrained models with model I for Cu3 B7 0 13 C2 at 3900  K 
The number of parameters in model I is N (=22); the number of parameters in the constrained 
model is n, 1 less than N by the tabulated N-n. R is calculated from the tabulated R as 
R (R /220P. R, o. and 	are determined as in Table 4.2. The values for the constrained para- 
meters are given: distances are in A. and thermal parameters Uj, are in A2. 
Hypothesis N-n RW R Ra Constrained parameters 
1 2 810 1.95 0.001 1.052 31 0-02.376(2) 
2 1 769 1.870 0.001 1.041 35 B-0=1.466(2) 
3 1 501 1.514 0.001 1.041 21 B(l)-0(2)=1.)449(3) 
1 828 1.910 0.001 1.041 38 u11 =u22 =u33=o.o16(2) 
5 1 420 1.382 0.001 1.041 15 u11 =u22 =u33 =0.008(i) 
6 5 268 1.104 0.001 1.076 1.9 U11 =U22 U330.003(l) 
7 1 222 1.002 0.5 1.001 0.2 u11=u22=u33=0.00)4(1) 
Table 5.1 
Comparison of third- and fourth-cumulant models with model I for 
The number of parameters in model I is n (=22); the nui 
cumulant model is N, greater than, n by the tabulated (N-n). 
the tabulated R.as R = ( 220/R): compare Table 5.3. R, c 
as in Table 1 .2. 
Cu3B70 1 3C9.. at 390° K 
nber of parameters in the 
R is calculated from 
and 	are determined 
Model is model I 
number plus N-n Rw R o R 
1 3K(c) 1 207 1.031 0.005 1.030 1.2 
2 3 c(B(2)) 4 205 1.036 0.1 1.030 0.7 
3 3K(Cu) 2 212 1.019 0.1 1.017 0.5 
2 219 1.002 t 
5 4 (B(2)) 5 210 1.02 1 0.5 1.017 0.5 
6 1 (Cu) 5 207 1.031 0.25 1.028 0.5 
t R<R even for a = 0.5 
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parameters were obtained in some further refinements. The results are 
given in Table 5.5 and may be analysed asfollows: 
1) The chlorine ion: the single third-cumulant parameter is 
significant at the 0.005 level (r = 1.2). The fourth-cumulant 
parameters give no improvement in fit and were not individually tested. 
The boron, B(2): there are four third-cumulant parameters. 
The 133 parameter is significant at the 0.1 level U = 0.3), the 
112 parameter is significant only at the 0.25 level and the 111 
and 123 parameters are not significant. Parameter correlation 
allows only the 1111 fourth-cumulant to be individually tested. It 
is significant at the 0.1 level. The inclusion of all the other 
fourth-cumulants then gives no improvement in fit. 
The copper ion: there are two third-cumulant parameters. 
The 123 parameter is significant at the 0.05 level (c = 0.6), the 
223 parameter is not significant. There are five fourth-cumulant 
parameters. The 1122 parameter is significant at the 0.01 level 
( = 
 
1.0) and the 1111 parameter at the 0.25 level. The 3333, 
1222 and 2233 parameters are not significant. 
The disorder model suggested for the halogen ion in cubic 
boracites was tested directly by omitting all third and fourth cumu-
lants and displacing the Ck ion a distance S from its mean position 
along the triad, away from the B(2) ion, to a position (u,u,u). 
The parameter u was then included as a variable in the refinements. 
The displacement 6(= 13 (u-- )) refined to a value of 0.20(2)A. 
The: improvement in fit compared with model 1 was significant at the 
0.01 level ( = i.i). The displacement ô was strongly correlated 
(-0.91) with the isotropic temperature factor B for Ck which 
dropped to 0.66(lo)A2 , from 1.9(1)A2 , during the refinement. 
Table 5.5 
Higher curnulant parameters and significance levels for 
Cu3B7 0 13 C2. at 390° K 
The third cumulants are given as c 	 (in A3 ) and the fourth 
cumulants are given as dJlcJm (in A) (see Johnson (1970 )). The 
standard deviations are given on the last decimal place. 
Third cumulants: 
'ki Ion jkl c 
C9. 123 0.095(31) 0.005 1.6 
Cu 223=-113 0. 015(17) t 
123 -0.047(22) 0.05 0.6 
B(2) 111=222=333 0.0027(21) t 
112=223=331 0.0027(12) 0.25 0.3 
113=221=332 0.0314(13) 0.1 0.6 
123 0.028(20) t 
Fourth cumulants: 
Ion jklm d a 
Cu 11112222 0.01414(32) 0.25 0.3 
3333 -0.058(83) t 
1222=-2111 0.0003(135) t 
1122 -0.050(20) 0.01 	- 1.0 
2233=3311 0.020(17) 0.5 - 	 0.1 
B(2) 1111=2222=3333 -0.06(3) 0.1 0.6 
2111=3222=1333 0.02(2) 
3111=1222=2333 0.01(i) 
1122=1133=2233 -o.00(io) t 
-1233=2311=3122 0.003(9) 
1 R < R 
a  even for a = 0.5 
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5.3.3 Structure 
The crystal structure of copper chlorine boracite in its cubic 
phase, 25°K above the cubic - orthorhombic phase transition, is 
basically the same as* that determined for other cubic boracites e.g. 
Mg-C2. (Sueno et.al ., 1973) Cr-C9. and Ni-I (Nelmes and Thornley; 
1974, 1975). The final positional and thermal parameters are given in 
Table 5.2. The bond lengths calculated from these positional parameters 
and some finer points of the structure are compared and contrasted with 
those calculated for Mg-C2, Cr-C2 and Ni-I in Section 5.5. 
The 0(2)-0(2) distance across the E axis has been shown to 
be significantly longer than the 0(2)-0(2) distance along the 
axis in the B04 group (se.e Figure 5.1 (c)). Similarly the B(l)-0(2) 
distance in the B04 group is longer than the B(2)-0(2) distance 
in the 0B03 group. The small positive displacement, e = 0.221(1)A, 
of the 0(2) ions out of the plane defined by 0(1), B(i) and Cu 
means that the 03 triangle is slightly smaller than the 
triangle. 
The thermal motion of both the Cu and B(2) ions is highly 
anisotropic. The thermal motion of the Cu ion is much higher along 
the I axis (0.041A2 ), perpendicular to the almost planer 0(2) 
array of the Cu 04 group (see Figure 5.1 (c)), than perpendicular to 
it (0.005A2);  and that of the B(2) ion is much greater along the 
triad (0.02DM) than perpendicular to it (0.002A2 ). (The eigenvalues 
for the B(2) ion. are (U-I-2iJ2 ) along the triad and (U—U) per-
pendicular to the triad). The anisb.tropy in the thermal motion of 0(2) 
is highly statistically significant (a = 0.001), though 7 is only 
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2. The thermal motion of B(l) is not significantly anisotropic. 
In general the inclusion of third- and fourth-cumulant parameters 
did not give a significantly improved fit, the main exception being 
the 123 third-cumulant parameter for chlorine which was significant 
at the 0.005 level. This parameter is particularly interesting since 
it describes a t lobing' of the probability density function (P.D.F.) 
along the triads away from the B(2) ion i.e. along [liii , [ nil, 
[lii] and [iii] (see Figure 5.1 (b)). 
The alternative explanation of the P.D.F. of the CZ ion is 
that it is disordered over four sites, displaced 6 from the mean 
position (iLih) along [1111 , [ill] , [lii] and [iii] (see Section 
5.2). This model has been shown to be significant at the 0.01 level 
( = 1.1) with 6 = 0.20(2)A. The two models - anharmonic (with the 
123 third-cumulant parameter) or harmonic (with the displacement 6) 
are therefore almost equally significant at quite a high level and 
within the resolution of the data it is not possible to distinguish 
them. 
The suggested disorder of the Cu ion could not be tested 
directly since the displacement y and the thermal parameter along 
ii. (V) are almost completely correlated. However the 3333 fourth-
cumulant parameter which describes anharmonicity in the Cu ion's 
potential along the Yj axis, the direction of the proposed disorder, 
was not statistically significant thus making a non-zero y rather 
unlikely. 
I; 
5.11 The cubic phase of nickel iodine boracite, Ni3B70 1 3I, at 17° K 
5.4.1 Experiment 
A single [1001 growth sector of 11 B-enriched nickel iodine 
boracite (Ni-I) was provided by Dr H. Schmid of the Batelle Institute, 
Geneva (see Section 3.1.1). It is the sample used by von Wartburg for 
his structural determination of Ni-I (von Wartburg, 1974). The sample 
was mounted in a cryostat as described in Section 2.3. The experiment 
was performed at the P.LU 1 T.0- reactor of A.E.R.E. Harwell, using a 
Huger and Watts two-circle diffractometer, with a tilting counter; 
hence normal-beam inclination geometry was used. 
The temperature of the sample, monitored by a chart iecorder, did 
not vary by more than 1.5° K from the temperature of liquid nitrogen 
(77°  K) during the three-week experiment. The neutron wavelength was 
1.075(1)A, calibrated by using a calcium fluoride crystal of known cell 
dimension. The (110) direction parallel to the rotation axis was 
chosen to be [110]. The lattice parameter determined by fitting Bragg 
reflections at high and low 0, was found to be 12.0l6(3)A at this 
temperature. An ü)20 type scan was used for the data collection, 
counting 50 + lOtanO steps of width 0.02 ° for both peak and offset-
peak background scans. 
Measurements were made of 1152 reflections out to 	= 0.7 11A 1 31 
in the zero to third layers. In general, two of the four equivalent 
reflections within each layer were measured, i.e. (h,h-n,9.) and 
(n-h,h,2..) where n = 0, 2, It, 6 denotes the layer. Since the tilt 
angle of the detector could only be adjusted manually, a different 
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standard reflection was used for each layer. However, each time the 
layer to be measured was changed, the zero-layer standard was re-
measured. No correction for long-term drifting of the scattered 
intensities was found to be necessary. The observed structure ampli-
tudes and their estimated errors are listed in Appendix F. 
5.4.2 Refinements and constraints 
After the Lorentz correction had been applied (L7 1 = sin1 cosv 
for normal beam inclination geometry, where y is the setting angle 
and v is the tilt angle of the detector), the data were corrected for 
absorption using an absorption coefficient of p = 1.36 cm. 	for 
A = 1.075A (see Section 3.1.1). On averaging over symmetry-related 
reflections the data reduced to 150 independent structure amplitudes. 
The error for each was taken to be the larger of the errors estimated 
from (a) the counting statistics and (b) the internal agreement of 
the contributing symmetry-related reflections. 
Structure refinement was started from the values obtained for 
Ni-I at room temperature (Nelmes and Thornley, 1975) using the full-
matrix least-squares program developed by Dr G.S. Pawley of this depart-
ment. The 'standard' refinement allowed 21 parameters to vary: a 
scale factor, an extinction factor, 14 independent positional para-
meters, 114 independent thermal parameters and the scattering length, 
-12 b, of boron, whose initial value was taken to be 0.6 x 10 cm... 
(This and the coherent neutron scattering amplitudesof the other atoms 
were taken from Bacon (1972)). This first refinement yielded non- 
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positive-definite temperature factors for the 0(2), B(1) and B(2) 
ions suggesting an inadequate treatment of the extinction - perhaps 
in the neglect of path-length variation or in the angle dependence of 
extinction in the theory of Zachariasen (1967). Thirteen reflections 
with large extinction factors were omitted from subsequent refinements 
which then gave positive-definite temperature factors. 
The validity of the weighting scheme for the remaining 131 
reflections was tested by analysing wA7 over small ranges of sinO 
and 1F0 1 (see Section 2.3.2). As in Section 5.3.2, the a((Fo) for the 
strongest reflections had to be increased and again a(Fo\. was set to a 
minimum of 0.0F0I.. Also 	was analysed over small ranges of a 
EXT F; no significant dependence on EXT F was found. 
The final standard refinement, with 21 variable parameters, 
designated model I, converged to an R index of 0.034 and R,, = 281 
(see Section 2.3). The scattering length of boron refined to 
O.640(7) x 1012 cm., (as with the value refined in Section 5.3.2, this 
value is outside, the range b(B) - 0.54.10 12 cm. and 
b( 11B) = 0.60.10 2cm. (Bacon, 1972) and implies that the value given 
for b( 11B) is suspect). The correction factor, on IJ, for extinc-
tion, y 	(see Appendix A), was > 0.95 for 116(85%) of the reflec- 
tions and 0.85 < y 2 < 0.95' for the remaining 21(15%) reflections. 
For the 13 reflections omitted from the refinement 0.62 < y 2 < 0.85. 
The final positional and thermal parameters obtained for model I. are 
listed in Table 5.6. 
The significance levels obtained for the inclusion of third- and 
fourth-cumulant parameters for the iodine and nickel ions are given in 
Tables 5.7 and 5.8. The results may be analysed as follows, 
Table 5.6 
Positional and thermal parameters for N1 3 B7 013 I at 77*K 
The positional parameters are in A, Uij are in A2  and B is in A2 /81r 2 units. Standard 
deviations are given in the last quoted place. Parameters without errors are determined by symmetry. 
X Y Z U1 1 U22 U3 3 U23 U3 1 U1  2 	 B 
0(1) 0 0 0 0.1(7) 
I 3.00 3.004 3.001 0.36(8) 
Ni 3.O01 3.004 0 0.0022(5) 0.0022 0.0110(7) 0 0 0 
3(1) 3.001 0 0 0 . 0025(9) 0.0027(7) 0.0027 0 0 0 
B(2) 0.963(1) 0.963 0.963 0.0031(5) 0.0031 0.0031 0.0006(3) 0.0006 0.0006 
0(2) 2.164(2) 0.218(1) 1.178(1) 0.0027(6) 0.0035(6) 0.0016(5) -0.0001) -0.0004(5) 0.000)4) 
Table 5.7 
Comparison of third- and fourth-cumulant models with model I for Ni 3 B7 013 I at 77° K 
The number of parameters in model I is n (21); the number of parameters in 
the cumulant model is N, greater than n by the tabulated (N-n). R is calculated 
from the tabulated B as R = (281/R)
i
. R, a and 	are determined as in 
Table 4.2. 
Model is model I 
number plus N-n R R a 	 R a 
1 3K(i) 1 281 1.000 t 
2 3K(Ni) 2 282 1.000 t 
3 1 K(I) 2 281. 1.000 t 	. 
K(Ni) 5 219 1.133 0.001 	1.092 	2.4 
t R<Ra  even for a = 0.5 
Table 5.8 
Higher cumulant parameters and significance levels for 
N13B7 0 3 3I at 77° K 
	
The third cumulants are given as çJ 	(in A 3) 
and the fourth cuinulants are given as dJk (in A4). 





























t R < R even for ct-0.5 
- 111 - 
1) The iodine ion: the 123 third-cuniulant tensor is not 
significant, a > 0.5. The two fourth-cumulant tensors also give no 
improvement in fit. 
ii) The nickel ion: there are two third-cumulant parameters and 
five fourth-cumulant parameters. The inclusion of the third cumulants 
does not give a significant improvement (a > 0.5, 	= O.O]4). There 
is however a significant improvement on including the five fourth-
cumulant parameters (a < 0.001, 	= 2.4). The magnitude of the ifli 
and 3333 cumulant parameters was much greater than that of the other 
three cumulants. A refinement was then tested with only these two 
parameters added to model I; the significance of these two alone 
(a < 0.001, 	2.8) was greater than for all five parameters. There 
is considerable correlation (coefficient - 0.9) between the 1111 
and 3333 cumulants and their corresponding .anisotropic thermal para- 
meters (i.e. between t 	and d1111 and between U 	and d3333 ) 
which increased considerably during this refinement (model I + d 1111 
and d 3333 ), J' changes from 0.002(1) to 0.006(l)A2 and 
changes from 0.011(1) to 0.017(2)A 2 . 
The thermal motion of the B(2) ion is also of interest. The 
motion of this ion is anisotropic being greater along the triad 
(U + 2L)j = 0.0O13A2 ) than perpendicular to it (U - 	= 0.0025A2). 
To test this anisotropy a refinement was peformed with the B(2) ion 
constrained to have isotropic thermal motion. The anisotropy was found 
to be significant only at the 0.10 level ( = 0.47). 
The disorder model suggested for the iodine ion was further 
tested by displacing the I ion a distance ô from its aaa 
site along [iii] to a position (u,u,u), the parameter u was then 
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included as a variable in the refinement. Other I ions are then 
generated, by the site symmetry, in disordered positions along the 
other triads. The displacement S ( 	 refined to a value of 
0.10(8)A; no significant improveentin fit was obtained (c > 0.5 and 
= 0.02). The parameter tS was highly correlated to the isotropic 
temperature factor for I. which fell to a value B(i) = 0.l(5)A2 
during the refinement. 
The disorder model suggested for the nickel ion could not be 
tested directly since the displacement parameter 'y' determined by von 
Wartburg (19714), y = 0.15A, is of the same order as the RMS thermal 
displacement of 0.105A along the 14 axis indicated by the USIN  para-
meter; the two parameters y and U are almost completely correlated. 
5.14.3 Structure 
Apart from the change of scale due to the smaller cell dimensions, 
there is little difference between the atomic positions - obtained and 
those obtained for Ni-I at room temperature with X-rays (Neimes and 
Thornley, 1975). The changes in bond lengths are correspondingly small 
see Table 5.9; the largest difference being in the 0(2)-0(2) distance 
in the 03 	 group, while the bond lengths in the B04 group hardly 
change at all. Hence as in the room-temperature study the hypothesis 
that the B04 group is regular is rejected at a very high level of 
significance (a < 0.001). 
The emphasis in this experiment is, however, on the description 
of the thermal motion of the I and Ni ions with regard to the 
disorder suggested for these ions by von Wartburg( 19714). This is 
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The principal reason for determining the crystal structure of 
Ni-I at 77° K as described in Section 5.1 was to attempt to resolve 
the difference between the results of von Wartburg (197 1 ) who reported 
separate minima for the halogen and metal ions at 77° K, and those 
of Nelmes and Thornley (1915), who concluded that there is no evidence 
of any kind of disorder of the halogen and metal ions at room tempera-
ture. 
Von Wartburg determined the displacement 6 of the disordered 
I ions from their mean positions as 0.7(1)A. However he collected 
only a single zone of data, 23 independent reflections (many of them 
highly extinguished), and in his disordered model was able to refine 
only eight parameters - a scale factor, four positional parameters, the 
scattering length of boron, an overall temperature factor and the 
displacement parameter 6 of the iodine ion. In the present experi-
ment (Section 5.)4) the displacement parameter 6 = 0.10(8)A was not 
significantly non-zero and was strongly correlated to the temperature 
factor B(I) which dropped to zero during the refinement. 
Another refinement was Carried out selecting from the data the 
23 reflections measured by von Wartburg: this, then, duplicated von 
Wartburg's refinement except that a variable extinction parameter was 
included in the refinement - rather than correcting for extinction 
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before the refinement as von Wartburg had done. The displacement of 
the iodine refined to 6 = 0.1(1)A along [liii when given a small 




are zero for this position). However with the initial \/  j1,2,3 
displacement along [liii - i.e. towards B(2), 6 again refined to 
the value 0.4(1)A but now along [Eu. A similar result was also 
obtained for a displacement constrainedto be along [ioo]. This nine 
parameter refinement was repeated using all 131 independent reflec-
tions collected and 6 refined to less than 0.05A, this time only 
along [111] but was not significantly non-zero. 
Alternatively the thermal motion of the I ion may be studied 
by refining higher cumulants, in particular the 123 third cumulant 
(see Sections 5.2 and 5.1.2). This parameter, like 6, was not 
significant indicating that any distortion from an isotropic harmonic 
potential is very small. 
That the metal ion is disordered in cubic boracites, with two 
minima long the I axis, was first suggested by Ascher (191 0 ). The 
inclusion of fourth cumulants for the nickel is significant at the 
0.001 level (r = X.110. However the positive 3333 fourth cumulant 
indicates a potential along the 1 axis rising more sharply than a 
harmonic potential, the opposite effect to that expected with two 
minimalong the tetrad. 
Therefore it can be stated that it is not necessary to Postulat e 
disorder to explain the crystal structure of Ni-I at 7f K and that 
the disorder previously reported by von Wartburg (1974) was an artefact 
of the particular data set collected and the analysis used in the 
refinement of th data. This does not necessarily mean that there is 
no disorder, only that it is notnecessary to use a disordered model 
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to explain the results obtained for Ni-I. 
Indeed in the analysis of Cu-C2,, Section 5.3, ô refined to 
0.20(2)A and was significant at the 0.01 level. However the alter-
native description of the Ck thermal motion, in terms of a positive 
123 third cumulant representing alObing of the thermal motion towards 
the 03 	 oxygens and away from the B(2) ion, was significant at 
the 0.005 level. It is therefore not possible, at the moment, to 
choose between these two descriptions of the thermal motion of the 
halogen ion. 
The bond lengths calculated from the atomic positions obtained in 
Sections 5.3 and 5.4 are given in Table 5.9 along with the correspond-
ing bond lengths for other cubic bóracites - Mg-Cl.. (Sueno, et.al ., 
1973), Cr-Cl.. (Neluies and Thornley, 19714), Co-I (Hay, 1977) and 
Ni-I (Nelnies and Thornley, 1975). 
A comparison of the values given in Table 5.9 reveals that the 
dimensions of the 0B03 group are remarkably similar for the various 
boracites. The B04 group also changes little with different metals 
and halogens as neighbours with the exception of the 0(2)-0(2) 
distance across the 	axis which is longer in Mg-CR.. and Cu-CR. than 
in Cr-Cl.., Co-I and Ni-I. Hence constraints 1 and 2, that all 
the 0(2)-0(2) distances are equal and that the B04 group is regular, 
are more strongly rejected for Cu-Ck than for Ni-I. The value of 
the 0(2)-0(2) distance in the 03B  group and that of c both 
decrease as M = Mg - Cr -'- Co - Cu, Ni. 
There are also interesting differences between the thermal 
motion of Cu-CR. and Ni-I. On the evidence so far, the third-
cuinulant parameters are more significant in chlorine boracites (Cu-CR. 
Table 5.9 
Inter ion distances for Cu-C2. and Ni-I compared with some other structural studies of cubic boracites 
Where it is known, standard deviations are given on the last quoted place. 0(2)A and 	are ooJgen ions 
belonging to the 03A  and 03B groups respectively. s is half the height of the M04 group. Oxygen-oxygen 
distances marked t, and boron-oxyen distances marked + have been compared by constrained refinement and signif-
icance testing. Distances are in A. 
Cu-Ce (390° K) 	Mg-C9 (673° K) 	Cr-Ce (291° K) 
Section 5.3 Sueno et.al.(1973) Nelmes et.al.(1974) 
B(l)-0(2) 	- 1.146Q(2) 1.1472(3) 
B04 0(2)-0(2)across4 t 	2.435(4) 2.444(4) 
0(2)-0(2)along 4 t 2.32(4) 2.384(4) 
0(l)-0(2) 2.488(3) 2.519(5) 
OBt 3(2)0(2) 1.431(4) 1.437(3) 
B(2)-0(1) 1.686(4) 1.693(5) 
t 	2.387(4) 2.382(4) 
2.945(4) 3.032(4) 
MO 	/M0(2) 1.987(3) 2.023(3) 
( c 0.221(2) 0.259(2) 
x_0(2)A 3.403(3) 3.417(3) 
x-0(2)3 3.772(3) 3.8 148(3) 
M-X 2.993(1) 3.025(1) 















CO-I (291° K) 	Ni-I (293° K) 














12.119(3) 	12. 049(3) 
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and Cr-C9) than in iodine boracites (ni-I). Indeed the particularly 
interesting c.123  parameter on the halogen is the most significant 
cumulant parameter for Cu-CZ (a = 0.005): it is a little less signif-
icant in Cr-C9.. (a = 0.1) and not at all significant for Ni-I. 
Another difference between chlorine and iodine boracites is in the 
significance of the anisotropy of the thermal motion of the B(2) ion; 
the anisotropy is significant at a much higher level in Cu-C2. (see 
Section 5.3.2) and Cr-C9., (Nelmes and Thornley, 1971) than in Ni-I 
(Section 5.4.2). 
Structural studies, Raman scattering and X-ray diffuse scattering 
all agree then in finding increasing anharmonic effects as 
X 	I + Br - C2 and Cr-C9., -'- Cu-C2. The structural studies show 
detectable anharmonicity only for the halogen (x). The Raman 
scattering and X-ray diffuse scattering results have been interpreted 
in terms of some kind of dynamic disorder; this suggests that, though 
to the resolution of this work the enharmonic (123 third -cumulant) 
and tetrahedral disorder models for the distribution of the X ion 
are not distinguishable, the latter may be found to be correct in 
much higher resolution structural studies. 
Appendix A 
An isotropic extinction parameter was used in the refinement of 
data for the single crystal experiments. The form of the extinction 
factor was that used by Cooper, Rouse and Willis (1968), based on 
the theory of Zachariasen (1967) for secondary extinction, ie. for 
each reflection 
F = y r  
	
with 	 y = (1 + x* 2 ) 12_ * X 
and 	x* = cF0 2 
sin2e 
where Fk  is the calculated' kinematic structure factor, F  the 
'extinguished' structure factor, S the Bragg angle and c the 
extinction parameter to be determined. Path length variation is 
neglected. 
Appendix B 
The observed structure amplitudes and errors, and the calculated 
structure factors for KH2PO4 at Tc+5°K (127 0K) at the end of' the 
final refinement. 
L Y(OOS) Y(CP.LC) SIG(0) if i I Y(Cjfl5) Y(CALC) 510(0) 
















2.10 2.57 0.16 6. 1. ii. 2./1 2.56 0.17 5.78 6.00 0.25 3. 1. 12. 4.51 4.63 0.38 
2. 0. 








0.44 - 	7. 1. 12. 2.63 2.82 0.08 









1.64 1.55 0.13 






10. 0. :'. 2.93 2.61 0.28 6. 1. 13. 3.25 3.17 
0.52 






3.39 3.20 0.17 3. 1. 14. 5.73 5.66 . 	0.09 
7. . 9. 
4.93 4.91 0.26 2. 2. 4. 3.93 9.(5 1.05 
9. 0. 




2.30 1.80 0.30 6. 2. . 11.37 11.79 0.70 
2. 0. 10. 
2.39 2.10 0.37 8. 2. 4. 2.67 2.73 0.20 
3. 1. . 
6.9/ 6.16 0.37 10. 2. 4. 10.29 10.15 0.36 
7. 1. 4 
7.43 7.87 0.55 12. 2. 4. 5.6') 5.81 0.16 
9. 1. 




7.60 784 0.16 3. 2. 5. 10.05 10.96 1.02 
11. 1. 4. 
3.03 3 q 16 0.23 5. 2. 5. 2.62 2.31 0.21 
13. 1. 4. 
1.46 1.29 0.39 7. 2 . 5. 0.14 
2. 1. 5. 
3.35 3.42 0.25 9. 2. 5. 7.29 7.35 0.10 
 1.  
3.94 3•95 0.32 11. 2. 5. 5.14 4.5 0.07 3.90 3.09 0.40 13. 2. 5. 3.69 3.50 0.10 5.03 4.95 0.23 4. 2. (. 6.33 6.51 0.43 4.74 4•59 0.19 .6. 2. 6. 2.83 2.12 0.26 
12. 1. . 
1.94 1.62 0.17 3. 2. . 0.89 5.10 0.31 
14. 1. 5. 
4.12 4.38 0.27 10. 2. 6. 3.67 3.6 0.10 
1. 1. 5. 
1.00 .2? 0.56 12. 2. (, . 2.91 2.95 0.41 
3. 1. 
6./1 7.71 1.28 3. 2. 7. 6.63 9.24 0.63 
5. 1. 
. '.24 J5 0,64 5. 2. 7. 2.68 2.0h 0.33 
7. 1. 
. 5./1 s.s 0.29 t. . 7. 5.9% 5.15 0.06 . 6.24 6.01 0.48 '-1. 2. 7. 7.16 7.22 0.10 (.60 6.5% 0.22 11. 2. 7. 3.76 3.59 0.14 
13. 1. 
5.97 0.22 13. 2. 7. 5•9( 5.00 0.12 >. 5.25 5.11 0.07 2. 2. 3.13 	. 2.9) 0.18 
H K L y(UIS) Y(C/LC) 5I6(U) H K L Y(UUS) Y(CPLC) 510(0) 
'. '• 6. 3.15 0.31 5. 2. 13. 1.46 1.35 0.36 
10.23 9.19 0.47 4. 4. 0. 12.13 13 • 35 0.67 
7.42 7.50 0.33 4. 4. 6. 3.30 3.67 0.25 
10. 2. c. 0.12 0.64 0.40 a. 4. 4. 5.06 5.15 0.19 
12. 7. •. 3.66 3.06 0.41 8. 6. '.. 3.67 3.72 0.26 
7. 2. V. 5.31 5.25 0.19 10. 4. 4. 3.56 3.60 0.11 
9. 2. 9. 5.22 5.28 0.06 12. '. I.. 9.2 Q•35 0.22 
11. 2. 9. 2.95 3.08 0.27 5 4. 5. 2.09 2.75 0.39 
4. 2. 10. 4.67 4.85 0.31 7. 6. 5. 6.20 (.38 0.19 
6. 2. 10. 2.17 2.23 0.12 0 4. 5. 5.16 4.99 0.11 
6. 2. 10. 0.69 0.15 0.33 11. 4. 5. 2.17 2.76 0.20 
10. 2. 10. 3.00 2.96 0.20 13. 4. 5. 4.16 4.23 0.13 
3. 2. 11. 7.23 7.02 0.54 4 4 6.  u .90 0.00 1.03 
5. 2. 11. 2./6 2.96 0.45 o. 4. 6. 0.63 3.64 0.31 
7. 7. 11. 3.66 3.55 0.24 o. 1• 6. 5.05 5.04 0.16 
5. 3. 0. 10.29 10.02 0.67 10. 4. 9. 6.51 6.53 0.10 
5.   10.04 9.51 0.56 12. 4. 6. 4.01 6 • 93 0.09 
7. 3. 6. 3.61 3.60 0.20 5 4. 7. 1.49 1.O0 0.34 
9. s. .. 9.05 3.99 0.36 7. 4. 7. 3.59 3.51 0.22 
11. 3. 4. 4.91 4.9() 0.16 9. 6. (. 6.58 4.54 0.06 
13.  . 3.34 3.41 0.14 ii.  7. 3.41 3.59 0.14 
4. 3. 5. 7.1? (.74 0.40 4. 4. 3. 11.33 11.73 0.49 
6. 3. S . 7.69 7.41 0.47 6. 4. 0. 6.4) 6.59 0.76 
8. 3. 5. 3.25 1 5 0.42 3. 4. 8. 0.52 6.1.9 0.26 
10. 3. 5. 3.96 4.09 0.25 5. 2. 9. 1.94 1.91 0.43 
12. 3. 5. 3.93 8 0.27 C. 2. 14. 4.09 4.15 0.13 
14. 3. 5. !, 4.63 0.09 0. 4. 12. :s.00 3.77 0.21 
3. 3. 5. 3.29 4.12 0.54 4 . 4. 12. 1.01 0.96 (.64 
5. 3. 6 . 9.16 7.15 0.54 0. 4. 12. 11j.36 1.53 0.61 
.7. 3. 6. 6.66 6.39 0.31 7. 4. 11. 3.20 3.29 0.16 
9. 3. 6. 6.63 6.91 0.26 5. 4. 11 • 0.61 0.66 0.23 
11. 3. .. 7.11 7.80 0.34 3. 4. 19. 3./1 3.60 0.26 
13. 5. 6. 3.09 6.15 0.29 . 4. 10. 6.84 7.02 0.27 
4. 3. 7. 7.65 7.51 0.59 9. 6. 9. 4;61 463 0.23 
6. 3. 7. 3.20 7.93 0.40 /. 4. 11. 4.02 4.22 0.19 
6. 3. 7. 4.52 3.41 0.35 S. 4. 9. 2.1', 2.14 0.11 
3. 7. 2.45 2.50 0.23 16. 4. 0. 5.69 5.67 0.21 
12. 3. 7. 7.12 7.09 0.16 0. 4. 19. 1.17 9.01 0.33 
5. 3. 0. 8.61 8.56 0.68 (1 . 0. 19. 3.67 8.96 0.07 
7. 3. 3. 3.11 3.26 0.13 6. 0. iS'. 4.89 4.82 0.15 
9. 3. a. 769 7.53 0.50 10. 1. ia. 6.93 6.99 0.16 
11. 3. 0 4.11 4.06 0.11 5. u. 11. 0.90 0./5 0.33 
2. 3. 9. 3.77 8.33 0.46 7. 0. 11. 2. 1 9 3.00 0.23 
4. 3. 1 1 • 6.37 1 IS 0.27 9. 0. ii. 4.01 3.60 0.35 
0. 3. 9. 7.13 6.96 0.44 . G. 12. 4.72 4.99 0.10 
 3.  7.05 7.03 0.33 6. 0. 17. 5.32 5.36 0.31 
10. 3 . 9. 1.82 c.?1 0.32 C,. o. 12. 5.31 5.35 0.07 
3. 3. 1'S. 7.13 7.02 0.43 5. 0. 9. 1.()9 0.81 0.78 
5. 3. 10. 7.64 7.52 0.50 5. 0. 15. (1 83 0.07 0.40 
7. 3. 1). 3.36 3.88 0.27 5. 1. 4. 4.21 4.7') 0.10 9. 3. 10. 5.00 5.02 0.19 2.  0. 2.69 2.67 0.09 
9.  11. 5.01 4.38 0.23 4. 2. . 2.58 3.18 0.48 
4 • 3. 11. 5.27 5.09 0.24 6. 2. 0. 0.69 9.03 0.06 
'. 3. 11. 5.64 5.75 0.41 12. 2. o. 4.22 4•)9 0.16 
. 3. 11. 6.17 6.01 0.26 1'.. 2. 9. 6.66 6.63 0.13 
5. 3. 12. 6.3? 6.20 0.45 5. 2. 1. 3.60 2.59 1.13 
7. 3. 12. 2.42 2.24 0.34 3. 2. 1. 9.30 19.65 0.52 
o 3. 13. 4.13 4.54 0.34 1. 2. 1. 4.36 5.46 1,35 
2. 3. 13. 1.55 6.30 0.39 	I 7. 2. 1. 7.11 7.16 0.21 
4. 3. 15. 7 .16 3.5? 0.30 9. 2. 1. 7.63 7.17 0.06 
v. 2. 11. 6.05 6.01 0.20 ii. 2. 1. 4.1/ 4.20 0.10 
0. 2. 12. 2.56 2.54 0.11 13. 2. 1. 5.36 5.57 0.08 
2. 2. 12. (165 6.50 0.38 15. 2. 1. 4.')? 1.. (9 0.26 
6. 2. 17. '.3) (.10 0.45 o. 2. 2. 3.71 .3.11 0.10 
2. 12. 2.28 2.11 0.09 4. ?. 2. 6.45 7.66 0.83 
H P I Y(Us) Y(C1\LC) SIG(0) 
0. 2. 2. 7.18 8.29 1.29 
8. 2. 2. 1.46 0.63 0.23 
10. 2. 2. 6.35 4.08 0.09 
12. 2. 2. 3.44 3.31 0.10 
14. 2. 2. 4.23 3.18 0.15 
7. 2. 3. 5.57 5.56 0.26 
5. 2. 3. 2.12 3.04 0.44 
3. 2. 3. 9.50 11.19 0.52 
1. 7. 3. 3.74 3.90 0.21 
9. 2. 5. 8.24 0.42 0.08 
11. 2. 3. 5.29 5.13 0.08 
13. Z. 3. 6.48 4.56 0.11 
6. 2. 4. 0.94- 0.66 0.51 
6. 2. 12. 0.62 0.22 0.60 
10. 2. U. 0.86 3.62 0.52 
0. 3. 3. 6.06 .54 0.75 
4. 3. 3. 7.03 7. 9 2 0.87 
6 3. 3. 7.90 3.09 0.48 
8. 3. 3. 4.O6 9.08 0.51 
10'. 3. 3. 4.33 4.42 0.13 
12. 3. 3. 9.00 9.34 0.21 
14. 3. 3. 4.55 4.61 0.07 
1. 3. 2. 6.48 1 0.64 0.90 
3. 3. 2. 6.22 9.1? 0.83 
5. 3. 2. 9.81 10.60 0.48 
7. 3. 2. 0.06 6.19 0.11 
1. 3. 2. 7.11 7.26 0.19 
11. 3. 2. 8.30 3 q 57 0.06 
13. 3. 2. 5.16 5.10 0.07 
4. 3. 1. 7.92 6.82 0.47 
6. 3. 1. 9.15 0.15 
8. 3. 1. 0.26 9.81 0.15 
10. 3. 1. 2.45 2.50 0.14 
12. 3. 1. 6.4.3 8.67 0.06 
14. 3. 1. 6.13 3.04 0.08 
7. 3. 0. 3.77 3.77 0.12 
13. 3. ). 3.66 3.51 0.13 
1. 4. 3. 4.60 5.23 0.57 
5. 4. 3. 1.04 1.47 0.25 
7. 1 3. 5./9 5.96 0.15 
9. 4. 3. 1.64 4.49 0.10 
11. 4. 3. 2.55 2.69 0.15 
13. 4. 3. 4.66 4.84 0.22 
9. 6. 2. 1.14 1.57 0.97 
0. 4. 2. 9.04 9.45 0.49 
8 4. 2. 5.81 5 • / 6 0.07 
10. 4. 2. 7.15 7.35 0.28 
12. 4. 2. 4.26 4.38 0.25 
16. 4. 2. 1.11 0.07 0.19 
1. 4. 1. 1.85 340 2.32 
5. 4. 1. 1.99 1 • Y9 0.13 
7. 4. . 5.02 !4 . 4;9 0.07 
9. 4. 1. 5.94 5.80 0.07 
11. 6. 1. 4.31 4.33 0.28 
13. 4. 1. 3.36 3.23 0.25 
6. 4. •). 6.64 7.14 0.08 
6. 4. 0. 7.70 7.91 0.09 
1 0 . 4. . 6.19 7.01 0.09 
12. 4. 1.94 1.63 0.23 
14. 6. . 1.12 6.6) 0.26 
II K L Y(085) Y(CLC) S1G(0) 
0. 1. 3. 3.5? 3.36 0.20 
6. 1. 3. 5.2o 5.11 0.16 
. 1. 3. 4.22 '.16 0.32 
10. 1. 3. 1.59 1.10 0•37 
12. 1. 3. 3.44 3.57 0.10 
16. 1. 3. 1.90 1.59 0.46 
1. 1. 7. 6.30 0.61. 0.09 
5. 1. 2. 6.64 6.69 0.09 
7. 1. 2. 6.34 6.45 0.15 
9. 1. 2. 7.44 7.33 0.07 
11. 1. 2. 7.24 7.24 0.27 
13. 1. 2. 5.16 4.91 0.08 
2. 4.12 6.62 0.11 
0. 1. 1. 3.98 4.28 0.31 
6. 1. 1. 3.69 3.01 0.08 
8. 1. 1. 3.36 3.13 0.13 
16. 1. 1. 3.26 3.32 0.11 
12. 1. 1. 5.61, 5.1.4 0.08 
11.. 1. 1. 3.90 2 1 17 0.17 
5. 1. 9. 6.11 4.13 0.10 
7. 1. 0. 3.22 3.04 0.14 
11. 1. 0. 1./0 1.33 0.29 
13. 1. 0. 3.54 3.61 0.14 
15. 1. . 2.20 1.61 0.17 
5. 0. 3. 1.39 1.05 0.19 
7. 0. 3. 4.80 4./3 0.14 
9. 0. 3. 4.67 4.57 0.09 
11. . 3. 6.52 4.61 9.26 
13. 0. 3. 4.42 4.56 0.24 
15. . 3. 1.07 ".56'' 0.26 
6. 0. 2. 10.54 10.14 7 0.11 
8. 0. 2. 7.02 (.95 0.29 
2 9.05 9.07 0.08 
2. 5.54 5.39 0.11 
1.43 1.10 0.20 
5. 0. 1. 0.09 0.60 0.39 
7. U. 1. 6.97 6.92 0.06 
9. 0. 1. 2.86 2.57 0.13 
11. 0. 1. 2.15 2.16 0,13 
13. 0 . 1• 5.1 5.67 0.24 
1. 0. 1. 1.26 1.15 0.21 
9.10 . 64 0.04 
4. 0. -0. 5.35 5.0? 0.07 
6. 0. 0. 5.04 4.64 0.09 
3.16 3.29 0.14 
3.67 3.67 0.14 
12. U. 0. 11.93 11.84 0.12 
1.'.. 0. 6. 10.11 19.35 0.12 
Appendix C 
The observed structure amplitudes and errors, and the calculated 
structure factors for RbH2PO4 at room temperature at the end of 
the final refinement. 
II K L Y(0S) Y(CALC) SIG(0) K L Y(0cS) Y(Cf.LC) 516(0) 
3. V. 1. 14.56 14 	Yi , 1.51 4 . 1 5 10.13 10.91 0.50 
5. 0. 1. 1.20 7.13 0.25 6 . 1• 5.89 5.1/ 0.24 
1. 0. 1. 12.10 13.01 0.92 3. 1. . 22.86 23.11 0.94 
9. U. 1. 4.16 0.4/ 5 . 1. 5. 18.52 0.52 
2. U. 2. 16.10 11.51 1.04 0.1/ 10.14 II 
4. j. 0. 9.55 10.01 Q.48 '+• 1. t'. 5J1 0.29 
6. 0. U. 13.98 13.18 0.66 1. 6. 12.15 13.01 0.26 
8. 0. 0. 16.95 1 /.23 0.32 2. 2. o. 1 5.00 1 6.91 
i. o. 1. 5.18 16 0.40 0.24 
4. 0. 4. 5.85 52S 0.64 8. z . U. 22.62 22.81 0.46 
6. 0. 2. 20.51 ?l .35 0.95 5. 0.15 
8. U. 2. 15.23 15.37 0.30 2 1. 15.10 15.15 0.142 
1. 0. 3. 1115 11.53 0.46 4. 2. 4. 1j4 11.55 0.19 
3. 0. 5. 11.59 11.93 0.68 4. 5.27 0.24 
5. 0. 3. 2.3/ 1 .91 0./i 8. 2. 2. 9.12 0.40 
/. 0. 3. 14.05 14.23 0.28 5. 4. .5. 5.56 6.55 0.30 
U. U. 4. 1.52 0.20 1. 2. 5. 15.04 15.55 0.37 
2. Q. 6. 11.02 	- 11.41 0.25 2. 2. 4. 42.51 21.34 0.80 
o. U. 4, 	. 20.89 22. 8 5 1.36 6. 2. 4. 10.64 1U.'6 9.22 
8. U. 4. 15.53 17.05 0.31 8. X •43 0.48 
1. 0. 5. 13.42 14.01 0.21 5. 2. 5. 21.45 20./s 0.43 
3. u. 5. 12.00 11.44 0.84 - 	5. 2. 5. 8.10 5.59 0.31 
5. 
,
Q . 5. 6.41 (p.5 4 0.33 ,' ' • 15.' 0.26 
1. 0. 5. 12.19 13.01 0.39 4. 2. -5. 15.24 15.o3 0.30 
2. 0. -6. 15.84 15.03 0.28 6. 2. o. 4( 4.50 0.81 
4. 0. 6. 2.15 2.55 o.8   ". 19.53 20.05 
6. 0. 5. 15.41 15.21 1.04 5. 2. 1. .14  
1. 0. 1. 3.'<4 3.3 0.41 . 5. 0. 41.65 41./6 0.40 
3. U. 7. 12.58 12.12 0.32 . 3. U. 189 2.19 1.28 
3. 1. 2. 22.30 22.42 1.10 4. 3. 1. 16.15 16.46 0.53 
6. 2. U. 24.2) 0.50 5. 3. 1. 21).19 29.14 0.54 
3, 2. 1. 22.29 22.91 0.80 . 5. 1. 15.54 16.33 0.55 
3. 2. 3. 22.20 /1.69 0.60 • 3 2. 1 1.( 15.05 	. 0.36 
6. 2. 6. 24.10 23.55 1.00 • 3. 3. 1/ • 3? 11.20 0.41 
5.   25.00 22.80 1.30 . 3: 3. 49.54 21.01 0.91 
21.42 /2.50 0.43 . 3. 5. 1535 15.00 0.69 
16.40 1/.15 0.38 '. 3.  16.09 15.48 0.35 
5. 1. . 9.68 9.55 0.40  3. 5. 1551 15.88 0.55 
/. 1. 0. 9.60 '-.f5 0.42 5. -5• O• 19.11 0.52 
9. 1. U•. 15.55 16.04 0.52 4. 3. 1. 11.44 11.41 0.32 
2. 1. 1. 11.10 9.66 0.11 6. 6. 20.65 21.41 C 	43 
4. 1. 1. 13.53 14.'iS 0.86 6. 4. 1 .41 15.93 0.32 
6. 1 • 1 • 12.75 12.55 0.29 5. 4. 1. 4.51 4.35 0.69 
8. 1. 1. 9.09 8.65 0.49 1. 4 . 15u9 15.02 0 32 
5. 1. 2. 15./4 18.o9 2.03 6. ',. .•. 1 1)so 19.59 0 	51 
1').20 15.55 0.69 8. 4. 15 16.29 0.56 
15.13 14.21 0.57 . 4.. 3. 5.6 5.09 0 	31 
5. 1. 5. 12.64 12.53 0.64 (.   13./6 13.15 0.5( 
8. 1. .5. 6.00 5.46 0.39 4. 4. 4. 9.05 9.5) 0.20 
5. 1. 4. 16.39 17.54 0.57 6. 4. 4. 15.33 13.54 0.2/ 
5.3/ 8.50 0.16 5. 6. 5. 8.55 5.04 0.28 
2. 1. 5. 12.05 11.6/ 0.24 1. 5. 9. . 	10.15 10.21 0.20 
H. K L Y(ORS) Y(C%1C) SIG(0) 
0. 0. 4. 5.40 3.34 0.07 
10. 0. li . 6.6/ 6.95 0.15 
8. 0. •'. 1.5'. (.11 0.16 
6.03 '5.11 0.12 
4. 0. . 4.34 4.2? U.0 
5.14 2 .58 0.16 
5.63 5.54 0.14 
5. 0. 1. 5.04 11 .46 0.30 
10. 0. 4. 3.54 
8. 
 X54 0.45
U. 4. 6.31 5')'1 0.14 
6. 0. 2. 3.5 9.41 0.34 
4. Q. 2. 2.61 7•5 14 0.05 
4. 0.  0.31 
4. 0. 19. 5.14 5.28 0.16 
3. 4.34 4 • 3 0.09 
2.39 1.51 0.20 
6.50 6. 0.11 
1.10 0.8) 0.28 
4.15 49( 
4.4( '..9 0.53 
10. U. 1• (9 5•35 0.14 
- v. . i.(o 7.13 0.14 
5. 0. 4. 9.26 1) . ZQ 0.31 
4. 0. 6. 4.51 4.51 0.26 
9. 0. 5. 1.11 0.59 0.86 
6.014 6 . ljt, 0.12 
1.83 1.54 0.29 
6.61 4.94 0.11 
1. 0. 5. 5.o 5.33 0.15 
8. 0. '5. 5.05 6.13 0.12 
6. 0. 4. 3.4 5 )5 0.34 
2. 0. 5. 5.(1 1.19 0.37 
4. 0. 1 1./i. 1.51 0.16 
1. 0. 1. 5.UU 6.8'. 0.11 
V. 1. 1. 1.'. 1.2) 0.18 
6. 0. 3. 5.96 5.9 0.32 
0. 1. 9.4/ 9.5 0.54 
3•j5 4.94 0.12 
5.49 5•95 0.21 
3.3 3.5's 0.38 
4. 0. 11. 1.06 0.40 0.30 
2.95 2.30 0.39 
11 • 1. 0. 1.31 1.10 0.41 
9. 1. . (.51 7.19 0.15 
3.91 4.11 0.9? 
5.91 0.13 
2.13 0.09 
8. 1. 1 • 4.21 4.34 0.4? 
6. 1. 1. 5.5/ 5.0 0.33 
4. 1. 1. 5.13 5. 0.25 
6.22 4.01 0.16 
U. 1. 1. 5.39 3.42 0.0/ 
11. 1. 2. 5 • 99 1.21 0.14 
9. 1. 2. (.85 7.96 0.14 
1. 1. 2. 3.41 8.15 0.33 
1.96 7.5') 0.45 
3. 4.39 4.59 0.10 
2.35 2.35 0.25 
6.1'. 4.2 0.16 
4. 1. 3. 3.5'. 3.'5 0.97 
2. 1. 5. 5.1'. 5./3 0.48 
9. 1. 4. (.32 1.52 9.14 
6.01 .3."l 9.12 
8. 1. 1.. 599 3.60 0.18 
9. K I Y(OBS) Y(CALC)..SIU(Q) 




6.  5. 4.51 4l.4 0.09 
2. 1. 5. 5.13 543 0.30 
(./ 0.21 
1.03 /.21 0.45 
8.15 .1'. 9.15 
3. 1. 5. 9.33 );j 0.49 
1 1. 4. (.61 1.5? 9.30 
3.52 0.01 
5.12 5'10 0.23 
4. 1. 1. 4.50 6.16 0.13 
4 C1 0.'o 
3./ 0.13 
3. 1. . 5.%U 6.24 9.29 
2.33 2.6.1 0.40 
4. 4. 9. 5.2/ 5.0) 0.10 




2 . Y. 2.30 1.4/ 0.62 
1 • 1 • 1 	. 8.32 %•93 933 
5.23 5.41 0.45 
2. 1. . /•(J 0.19 
1. 2. 1 • 6.6/ z v 0.34 
5. 4. 1. 3.12 3.46 0.12 
1 1). 2. 4. 5.5. .59 0.45 
8. 4. 4. 3.91 5.63 0.46 
4. 2. 2. 0.51 
1. 2. 3. (.26 0.43 
5. 2 5. 2.56 1.53 0.54 
9. 2. 3. 7.41 0.56 
8.  4. 4.28 4.55 0.30 
6.  '.. '..31 0.1/ 
Y. 4. 5. 14 .45 0.65 
/.15 0.31 
3.15 3.10 uli 
8. 2. 6 . 3.5') 3.56 0.10 
6. 2. i. 1.59 1.19 0.21 
6 • 2. . 6.65 6.56 0.33 
1. 2. 1. 4.5 4.6;' 0.99 
5. 4. 1. 3.44 3.50 0.13 
3. 2. 1. 	. 9.62 3.65 0.48 
6. 2. 3. '1.5/ 9.03 0.48 
4. 2. . 5.06 5.04 0.12 
2. 4. .. .5.51 6.52 0.28 
3. 2. o. 8.11 7.6') 0.23 
9. 3. 9. 9.65 9.(') 0.49 
1. 3. . 1.4:1 1.56 0.55 
5. 3. 1. 3.62 '.43 0.44 
Appendix E 
The observed structure amplitudes and errors, and the calculated 
structure factors for Cu3B7013CP. at 390 0K at the end of the final 
refinement. 
H K L Y(ULIS) Y(CILC) SIG(0) H K L Y(WS) Y(CLC) S10(0) 
U. 10.3 9.94 .54 14• 6. 0. 15.59 16.93 1 	0.1? 
20. 0. U. 0.55 6.11 0.54 14. 6. U. 21.55 20.69 1.10 
16. 2. 0. 5.63 4.55 0.45 16. 6. u. o.io t..io 2.66 
18. 6. 0. (.46 UO 1.86 10. 8. 0. s. 6 e 9.51 0./6 
20. 6. 0. 11.51 1 .61 14. 8. ti. 11.75 17.16 I 	0.64 
12. 10. 0. 9.46 1.80 0.50 10. 10. 0. 43.'1 '1% 0.94 
14, 10. 0. 6.46 6.54 0.87 12. 10. 0. 11.39 19.51 0.92 
21. 3. 1. .03 4.14 0.15 14. 10. U 11.22 16.09 0.68 
17. 5. I. 8.10 1.85 0./2 2. 1. U . 11.41 11.00 0.23 
16. 2. 
. 
".35 8.514 0.91 7. 3. 1. 16.78 16.55 0.66 
18. 2. 2. 0.4? 6.8(3 0.29 9. 3. 1. 11.76 18.0'. 0.39 
16. 4. 2. . 	6.20 5.41 1.00 11. 3. 1. 8.9'. 3.9(1 0.86 
14. 6. 4. 14 	72 3.02 0./7 13. 3. 1. 9.00 8.05 1.07 
16. 6. 2. (.50 5.0 0.55 15. 3. 1. 15.91 14.02 0.28 
14. 8. 2. 5.31 5.40 0.39 17. 3. 1 • 15.95 ios0 (3.69 
16. 8. 2. . 	9.8 11.83 0.93 7. 5. 1 15.76 
.
94 15. 0.50 
12. 10. 2. 4.76 3.3f o.:.i 9. 5. 1. 14.34 16.55 0.5? 
14. 10. 4. 9.58 9.12 0.40 11. 5. 1. . 1 (69 17.99 0.82 
16. 10. 2. '1.28 11.15 0.60 13. 5. 1. 13. 6/ 1.5 	54-  0.56 
12. 1 2. 2. 1'..3o 15.1.14 0.25 15. 5. 1. 1.22 /.42 0.33 
14. 12. 4. 6.12 /.1 v 0.43 9. 7. 1. 11.04 1685 0.82 
18. 6. 4. 4.4/ 4.14 0.73 11. 7. 1 11.14 11.64 0.62 
14. 6. 4. (.80 6.13 0.46 13. 7. i. 1s.';4 15i 0.55 
16. 6. 44. 1.84 7.41 0.43 15. 7. i. 1/.91 1/.58 1.06 
20. 6. 4. 5.30 8.12 1.29 ii. 9. 1. 11.26 11.60 0.59 
14. 8. 4. 6.02 4.5', 0.90 13. 9. 1. 3.10 8.hl, 1.50 
16. 8. 4. 14.46 16.11 2.01 6. 2. 2. 14.66 12.91 0.95 
18. 8. 4. 5.95 6.91 3.00 8. 2. 4. 11..n i8.30 0.84 
12. 10. 4. 4.4 3.41 0.82 10. 2. 2. 15.95 15.11 0.62 
16. 10. 4 • '1.79 9.51 0.42 12. 2. 2. 19.35 19.01 0.59 
16. 10. 6 (.05 f.0 0.14 14. 2. 2. 23.13 2 s.iU 0.46 
18. 10. 4 • 3.66 4.02 0.37 16. 2. 2. 20.24 20.03 1.16 
14. 12. 4. 5.03 4.84 1.66 4. 4. 4. 15.66 13.1'. 0.50 
6. 18. 6. 4.89 5.50 1.41 6. 4. 4. 14.11 11.5'. 0.48 
16 6. O • 11.16 11.11 0.56 6. 6. 2. 11.70 1/.86 0.5? 
18. 6. O. (.13 8.01 1.40 10. 4. 2. 22.52 .45J 0.45 
12. 8. o. s.i 6.61 0./2 12. 4. 4. 8.12 8.04 0.91 
14. 8. 6. 5.82 4./0 1./3 14. 4. 2. 10.39 11.52 1.34 
18. 8. 6. 	. 1.81 10.01 1.04 16. 4. 2. 10.69 9.40 1.5? 
16. 10. 1 6.63 6.ló 1.53 6. 6. 2. 10.99 9.91 0.44 
10. 12. . 4.99 2.'1 0.8? 8. 6. 4. 11.09 16.96 0.46 
12. 14. O. 6.49 6.26 0./4 10. 6. 2. /.42 0.48 0.90 
14. 1 2. 6. 0.4/ /.36 0.65 12. 6. 4. 1?.'15 1/.38 0.35 
14. 10. 8. 6.64 (.01 0.69 14. .. 4. 8.14 8.45 0.51 
16. 10. 6. 8.40 11.59 1.40 16. 6. 2. 16.84 14.84 0.81 
R. 14. 6. 6.58 /.1'. 1.06 8. 8. . 8.35 8.1U 0.40 
18. 8. 10. 3.21 5.45 0.93 10. $. 2. 10.75 10.5/ 0.91 
12. 10. 10. (.70 8.40 0.59 12. 8. 2. 10.64 '1.84 0.61 
6. 0. 0 14.21 11.14 1.01 14. 8. 2. 14.51 14.49 1.03 
14. 0. u. ?'..'.s 24.98 0.88 12. 10. 2. 10.13 'i.Io 1.00 
16. 0. u. 25.30 24.28 1.56 14. 10. 2. 41.tJo 2(I.(U 1.42 
4. 2. U. 15.20 15.59 0.57 7. 5. 3. 11.59 10.95 0.58 
6. 2. U. 5.93 4.99 1.41 9. 5. 3. 14.64 15.0(1 0./0 
8. 2. 0. 19.31 20.55 0.50 11. 5. 3. 21.56 21.14 0.63 
10. 0. 4. 15.45 15.56 0.59 13. 5. .s. 15.1( 1.i6 0.67 
12. 2. 0. 18.45 13.09 0.64 15. 5. . 18.23 18.1/ 0.57 
14. 2. 0 /.96 1.46 0.51 9. 7. 5. 11.47 11.00 0.56 
6. 4. U. 1.00 8.1.'S 0.44 11 . 7. s. 8.95 8.55 1.0? 
10. 4. 0. (.75 6.26 0.80 13. 7. 3. 8.64 1.51 / 	0.95 
14. 4. U. 15.75 15.32 2.06 15. 7. 3. 1/.3.5 10.97 1.64 
6. 6. U. 11.05 11.4/ 0.69 11. 9. 3. 15.40 15.60 0.30 
R. 6. 0 16.31 16./2 0.33 13. 9. 5. 10.9/ 10.50 0.5? 
10. 6. 0. 10.63 11.11 0./0 13. 11. 3. 1.25 1.51 1.1)0 
1 K L Y(OPS) Y(CALC) 51G(0) 
6. 4. 4. 1O.3 16.O3 0.38 
14. 4. 4. 1.4V 1O.5t 2.11 
13.44 13.16 0.82 
10. 6. 6. .32 0.11 
12. 6. 4 (.51 (.49 1.30 
14. 6. 4. 15.3 15.5? 0.34 
10. 8. 4. .1.85 21.54 	I 0.44 
10. 10. '.. 8.46 ().)5 1.39 
12. 10. 4. 8.35 9.4f 1.05 
9. 7. 5. (.76 7.05 1.42 
11. 7. 5. 15.42 1 5. (e 1.0 
13. 7. S. 11.93 11.44 0.36 
15. 7. 5. 10.56 9.01 1.16 
11. Q . S. 19.40 19.b 0.39 
13. 9. 5. 1.52 10.( 1.19 
8. 6. O. 1ô.73 0.91 
10. 6. 6. .'6 9.56 0.97 
12. 6. 6. 1.04 15.10 0.18 
14. 6. . 11.35 11.'4 0.46 
8. 8. 0. 15.30 1S.( 0.32 
10. 8. O. 1.13 6.65 1.45 
12. 8. .. 16.30 1O.31 0.54 
14. 8. 0. 1.7i 1254 0.34 
10. 10. . 1.i,8 12.91. 1.15 
12. 10. . (.21 6./ 1.85 
11. 9. (. 20.13 0.58 
13. 9. 1. 25.71 25.41 0.48 
10. 8. 8 • 10.73 11.9.5 1.57 
10. 2. 10. 3.64 i.9 1.57 
10. 1 0. 10. 18.35 11.13 0./0 
Appendix F 
The observed structure amplitudes and errors, and the calculated 
structure factors for Ni3B7013I at 77 0K at the end of the final 
refinement. 
H K L yCOBS) Y(CALC) sIGO) H K L Y(OtiS) Y(CALC) SIG(0) 
10. 10. 0. 16.58 16.51 0.33 9. 11. 5. 20.93 21.18 1.39 
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6. 6. 4. 35.60- 34.89 0.70 4. 6. 10. 6.94 4.33 
0.71 
1.23 2. 2. 4. 20.04 19.45 0.60 2. 4. 10. 27..6 28.39 0.66 10. 10. 6. 19.70 19.98 0.65 0. 2. 10. 6.68 6.25 0.46 8. 8. 6. 14.48 14.13 0.29 5. 7. 11. 13.46 13.57 0.17 4. 4. 6. 15.54 14.9i 0.58 3. 5. 11. 25.02, 25.19 
2. 2. 6. 20.03 21.16 0.55 1. 3. 11. 8.29 8.22 0.13 0. 0. 6. 10.00 10.07 0.26 6. 8. 12. 14.73 14.81 0.33 10. 10. 8. 9.64 9.35 0.50 4. 6. 12. 6.18 5.48 1.95 8. 8. 8. 41.54 42.72 0.83 2. 6. 12. 12.24 11.66 0.32 6. 6. 8. 19.02 18.34 0.40 0. 2. 12. 19.07 18.29 0.55 2. 2. 8. 21.45 21.74 0.81 7. 9. 13. 27.01 	. 27.69 
0. 0. 3. 33.52 34 . 99 0.65 5. 7. 13. 13.90 18.79 0.33 10. 10. 10. 20.62 20.15 0.35 3. S. 13. 10.99 10.55 (i.26 8. 8. 10. 13.14 13.06 0.71 1. 3. 13. 7.71 ?.04 0.36 6. 6. 10. 19.23 19.88 0.40 6. 6. 14. 11.22 10.31 0.29 4. 4. 10. 30.33 32.82 0.87 4. 6. 114. 14.88 14.02 0.28 2. 2. 10. 6.61 6.73 0.33 2. 4. 14. 8.02 7.5 0.53 0. 0. 10. 36.65 36.14 0.73 0. 2. 14. 10.80 10.24 0.21 8. 8. 12. 45.68 50.00 2.37 5. 7. 15. 8.16 8.16 0.70 6. 6. 12. 12.57 12.60 0.29 3. 5. 15. 19.73 19.33 0.35 4. 4. 12. 65.70 45.72 0.90 1. 3. 15. 13.17 12.67 0.49 2. 2. 12. 18.11 17.67 0.36 2. 4. 16. 8.81 8.69 0.51 6. 6. 14. 27.00 26.63 0.54 0. 2. 16. 5.39 4.31 0.71 4. 4. 14. 16.62 16.62 0.61 1. 3. 17. 1 6 .6 9 18.44 0.38 2. 2. 14. 31.13 30.46 0.64 6. 10. 3. 6.43 5.94 030 0. 0. 14. 23.55 23.21 0.45 7. ii. 1. 17.9 17.66 0. 36 4. 4. 16. 41.07 37.57 0.85 5. 9. 1. 15.61 15.95 0.88 2. 2. 16. 26.18 25.12 0.52 13. 9. 1. 7.05 7.38 0.75 3. 5. 1. 27.20 27.88 0.54 10. 14. 2. 17.6 18.80 0.52 4. 2. 0. 15.88 16.36 0.36 8. 12. 2. 15.25 15.76 10. 12. 0. 17.71 18.07 0.34 6. 10. 2. 13.12 13.68 
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8.15 8.45 0.47 4. 8. 14. 10.39 10.58 0.40 11. 15.00 14.64 0.30 2. 6. 14. 6.45 6.53 0.49 7. 9.  17.61 17.88 0.71 0.  14. 17.24 17.10 0.36 5• 
10. 
7, 3. 10.59 . 	 10.09 0.22 3. 7. 15. 17.01 16.76 0.32 12. 4. 8.19 7.75 0.49 1. 5. 15. 8.36 8.19 0.34 8. 10. 6. 26.24 26.49 0.54 2. 6. 16. 14.47 14.59 0.31 6. 8. 4. 10.47 10.12 0.42 0. 4. 16. 46.01 42.78 0.92 
H K L Y(OFiS) Y(CALC) SIG(0). 
14. 8. 0. 17.69 19.37 0.38 
12. 6. 0. 14.81 15.90 0.30 
7. 1. 13. 15.14 15.77 0.66 
B. 2. 14. 10.81 10.68 0.23 
6. 0. 16. 28.25 28.49 1.11 
7. 1. 15. 18.59 19.21 0.37 
6. 0. 16. 11.98 12.04 0.35 
12. 12. 6. 19.12 .19.08 0.40 
10. 10. 12. 19.93 19.59 0,40 
B. 8. 14. 12.24 .12.14 0.28 
6. 6. 16. 29.52 27.88 0.59 
4. 4. 18. 15.13 14.82 0.37 
2. 2. 13. 19.46 18.00 0.39 
0. 0. 18. 30.19 29.24 0.60 
15. 9. 1. 11.51 12.89 0.33 
9. 3. 15. 6.14 6.04 0.86 
8. 2. 16. 26.74 2.33 0.53 
Appendix G 
Published work 
J. Phys. C: Solid State Phys., Vol. 9, 1976. Printed in Great Britain. © 1976 
Structural studies of boracites: IV. Thermal motion in cubic 
Ni3 B7013I at 77K 
F R Thorn ley, N S J Kennedy and R J Nelmes 
Department of Physics, University of Edinburgh, Mayfield Road, Edinburgh EH9 3JZ 
Received 18 August 1975, in final form 3 November 1975 
Abstract. The crystal structure of cubic nickel iodine boracite, Ni 3 B 70, 31, has been investi-
gated by neutron diffraction at 77 K. Three-dimensional data were collected out to sin 0/A 
= 073 A' from a "B-enriched single-crystal [100] growth sector. The final R-index was 
34 %. To investigate possible anharmonicity in the thermal motion of the metal (Ni) and 
halogen (I) atoms, third- and fourth-cumulant parameters were considered; only the fourth-
cumulant parameters for Ni gave significant improvements in fit. Contrary to previous 
suggestions, it is not necessary to postulate disorder in the positions of the metal and halogen 
atoms in order to explain the experimental results. 
1. Introduction 
A study has been made by neutron diffraction of thermal motion in cubic nickel iodine 
boracite, Ni 3 B 70 13I, at 77K. This investigation forms part of a continuous programme 
of structural studies of boracites and their phase transitions. These compounds have 
the general formula M 3 B 701 3X, where M is a divalent metal and X an anion, for example 
a halogen or chalcogen. The properties of boracites have been reviewed recently (Nelmes 
1974, to be referred to as I), as an introduction to the present work. As in paper I, bora-
cites will be denoted by the metal and anion--thus Ni-I for the title compound. 
The transition between the cubic, paraelectric phase (space group F43c. T) and the 
orthorhombic, ferroelectric phase (space group Pca21 , C)  occurs at 64K for Ni-I 
(Ascher et al 1966). In addition, there is a magnetic transition, in which Ni-I becomes 
an antiferromagnet with a weak ferromagnetic component, at a temperature originally 
thought to be the same as for the ferroelectric transition, but now believed to be slightly 
lower (see the discussion in 1). There is coupling between the ferromagnetic and ferro-
electric polarizations (Ascher et a! 1966). 
Investigations of the crystal structure of the cubic phase of Ni-I have been made 
with powder samples (a) using x-rays at room temperature and (b) using neutrons 
at room temperature and 77K (Becker and Will 1970), 
with a 1 1 B-enriched single crystal using neutrons at 77K (von Wartburg 1973, 
1974) and 
with a single crystal using x-rays at room temperature (Nelmes and Thornley 
1976). 
The neutron powder study of Becker and Will (1970) showed no evidence of long-range 
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magnetic ordering at 77K; this result was confirmed by von Wartburg (1973, 1974). 
The broad maximum in the magnetic susceptibility at —120K (Schmid et al 1965), 
originally interpreted as the onset of antiferromagnetism, is now attributed to short-
range ordering (von Wartburg 1973, 1974). Thus a neutron diffraction investigation at 
77 K may be used to determine the nuclear structure, without interference from magnetic 
Bragg scattering. 
It was suggested by von Wartburg (1973, 1974) that there is disorder in the positions 
of the Ni and I atoms in the cubic phase at 77 K, the displacements corresponding to 
those 'frozen-in' in the orthorhombic phase. This result is in agreement with the inter-
pretation of the results of an x-ray study of natural boracite, Mg-Cl, in its cubic phase 
at 673 K (Sueno et a! 1973), but disagrees with the room-temperature x-ray studies of 
the cubic phase of Cr-Cl (Nelmes and Thornley 1974) and of Ni-I (Nelmes and Thornley 
1976). However, doubt has been cast on the interpretation of the results for Mg-Cl 
(Nelmes and Thornley 1974). Also, von Wartburg (1973, 1974) collected a single zone of 
neutron data, 23 independent structure amplitudes, and for his disordered model was 
able to refine only an overall temperature factor, rather than individual atomic tempera-
ture factors. To try to understand the difference between the results of von Wartburg 
(1973, 1974) for Ni-I at 77K and our own work on Ni-I at room temperature (Nelmes 
and Thornley 1976), we decided to repeat the 77 K neutron experiment, but to collect a 
larger data set. Since the cubic structure has been described in detail in the papers on 
Cr-Cl (Nelmes and Thornley 1974) and Ni-I (Nelmes and Thornley 1976) the emphasis 
in the present work is on the description of the thermal motion of the atoms, particularly 
Ni and I. 
2. Experiment 
Because of the high absorption cross section of' °B, it is advantageous in neutron diffrac-
tion experiments to replace this isotope by 11 B. The sample used in this experiment was 
kindly provided by Dr H Schmid of the Battelle Memorial Institute, Geneva. It is the 
sample which von Wartburg (1973, 1974) used for his investigation of Ni-I. According 
to H Schmid (1975 private communication) the sample consisted of a single [100] 
growth sector. (For a discussion of the growth sector phenomenon in boracites, see 
Schmid (1969) and I.) The measured absorption coefficient of the sample was p = 2.95(16) 
cm' (i.e. 2•95 ± &16 cm ')at a neutron wavelength of 2.345 A (von Wartburg 1973). 
The cross section for true absorption of ' °B is a, = 3836 barns (1 barn = 10 24  cm 2) 
at a wavelength of 1-798 A (American Institute of Physics Handbook 1972). Assuming 
that a 5 is proportional to neutron wavelength (inversely proportional to neutron 
velocity), and making a correction for the absorption and incoherent scattering of the 
other atoms, the measured value of p indicates that the proportion of ' °B in the crystal 
is 17(1) %, compared with 198 % for natural boron. The shape of the sample was 
approximately a rectangular parallelepiped with dimensions 2•2 x 14 x 055 mm3 , 
these dimensions being along cubic <110>, <110> and <100> directions respectively. 
The experiment was performed on a Ferranti Mark H single-crystal diffractometer 
on the PLUTO reactor at AERE, Harwell. The neutron wavelength was 1•075 A. It was 
not possible to tip the cryostat in which the sample was mounted by more than a few 
degrees, hence normal-beam inclination geometry was used. The sample was mounted 
with its longest dimension parallel to the rotation axis. This <110> direction was chosen 
to be [110]. With this orientation, for a crystal with space group F43c, all of the 147 
Table I. Observed structure amplitudes F0, with their final estimated errors a(F0). The values have been corrected for absorption, and are on an arbitrary scale. 
Two numbers together in the I column are the h and k which apply to subsequent values of I. Reflections marked with an asterisk were omitted from the final 
refinements. Those marked t are the 23 (hhl) reflections used in the simulation of the refinement of von Wartburg (1973, 1974)-see § 6. 
1 	F0 	1 	F0 	1 	F0 	I 	F0 	I 	F0 	I 	F0 	I 	F0 	I 	F0 
0,0 0,6 1, 5 2,4 12 4,4 4, 12 6,10 
2 177 *t 6 48(18)t 7 158(4) 4 149(5)t 12 320(6) 4 484 *t 12 370(8) 10 197(6) 
4 297 8 166(3) 9 156(9) 6 71(3) 6 155(6)t 12 60(3) 
6 100 (3)t 10 64(3) 11 175(4) 8 176 (3) 3,5 8 501 *t 5.7 
8 335(6)1' 12 148(3) 13 114(8) 10 279(7) 7 106(2) 10 304(9) 9 75(6) 
6,12 
10 366(7)1' 14 282(11) 15 84(3) 12 122(3) 9 135(3) 12 457(9) 11 135(2) 12 191(4) 
12 720* 16 120(3) 14 80(5) 11 250(5) 14 166(6) 13 189(4) 
14 235(4) 1,7 16 88(5) 13 110(3) 16 411(8) 15 82(7) 7,9 
16 384* 0,8 9 163(3) 15 197(4) 18 151 (4) 11 214(7) 
18 302(6) 8 389 *t 11 179(4) 2,6 5,9 13 270(12) 
10 112(3) 13 151 (5) 6 201(4)1' 3,7 4,6 11 209(14) 
0,2 12 325* 15 186(4) 8 156(3) 9 176(7) 6 356(7)1' 13 112(6) 8.8 
2 96(3)1' 14 177(4) 10 131(4) 11 101(5) 8 105(4) 8 415(8) 
4 159(4) 1,9 12 194(4) 13 68(6) 10 49(12) 6,6 10 131(7) 
6 109(2) 0,10 11 111 (8) 14 64(5) 15 170(4) 12 62(19) 6 443 *t 12 457 (24) 
8 229(5) 10 166(3) 13 70(7) 16 145(3) 14 141 (3) 8 190(4)1' 14 122(3) 
10 67(5) 12 177(3) 15 115(3) 3,9 10 192(4) 
12 191(5) 14 165(4) 2,8 11 150(3) 4,8 12 126(3) 8,10 
14 108 (2) 1,11 8 74 ( 7)1' 13 161 (4) 8 485 *t 14 270(5) 10 96(5) 
16 54(7) 0,12 13 14(28) 10 215(4) 15 61 (9) 10 262(5) 16 295(6) 
12 530 * 12 158 (3) 12 437(15) 10,10 
0,4 2,2 14 108 (2) 11 14 104(4) 6,8 10 206(4) 
4 334 *1' 1,3 2 238 (5)1' 16 267 (5) 13 81(5) 8 145 (3) 12 199(4) 
6 69(1) 5 272(5) 4 200(6)1' 4,10 10 58(10) 
8 393* 7 148(5) 6 200(6)1' 2,10 10 114(3) 12 147(4) 
10 45(8) 9 181(7) 8 214(8)1' 10 120(6) 12 82(5) 14 112(3) 
12 406(8) 11 83(2) 10 66(3) 12 74(10) 
14 172(4) 13 77(4) 12 181(4) 14 179(5) 
16 460(9) 15 132(5) 14 311 (6) 
17 187(4) 16 262(5) 
18 195(4) 
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independent reflections out to (5, 11, 13) may be measured in the zero to third layers, 
i.e. (hhl) to (h, h - 6, 0. Thus a three-dimensional data set (out to sin 01A = 074 A 1  for 
a = 12 A) may be obtained with a single mounting of the crystal. Measurements were 
made of 453 reflections in these four layers. In general, two from each set of four 
symmetry-related reflections within each layer were measured—i.e. (h, h - n, 0 and 
(n - h, —h, 0, where n = 0, 2, 4, 6 denotes the layer. It was necessary to use a different 
standard reflection for each layer, since the tilt angle of the detector could only be 
adjusted manually. However, each time the layer to be measured was changed, the zero-
layer standard was remeasured, to check for long-term drifting in the scattered intensi-
ties. No correction was found to be necessary. The temperature of the sample was 
monitored with a thermocouple throughout the experiment. It was not observed to 
differ by more than 2 K from the 77 K of the liquid nitrogen. The lattice parameter of 
the sample was determined from the positions of several Bragg reflections, and found to 
be a = 12.016(3) A at this temperature. 
In addition to the Lorentz correction for normal-beam inclination geometry 
(L = sin y cos v, where y is the setting angle and v the tilt angle of the detector), 
absorption corrections were applied, using the program ABSCOR of the XRAY system of 
crystallographic computer programs (Stewart 1972). An absorption coefficient of 
p = 136 cm for a neutron wavelength of 1.075 A was used. On averaging over 
symmetry-related reflections, 150 independent observed structure amplitudes F0 were 
obtained. This set consists of all 141 independent reflections out to sin O/) = 0- 73 A -1 
(0 = 516°), plus nine reflections at higher angles. Some reflections, at small values of y 
in non-zero layers, were very broad; these were omitted from the averaging. The error 
in each structure amplitude F0 was taken to be the larger of the errors estimated (a) 
from the counting statistics, and (b) from the internal agreement of the contributing 
symmetry-related reflections. It was noticed that for some strong reflections, with 
equivalents measured in more than one layer, the intra-layer agreement was better than 
the inter-layer agreement; this was attributed to extinction. Some of the errors were 
modified and some reflections omitted from the final refinements; these points are 
discussed in the next section. The values of the measured F0 and their (final) estimated 
errors a(F0) are listed in table 1. The scale is arbitrary; reflections omitted from the 
final refinements are marked with an asterisk. 
3. Standard' structure refinement 
The structure was assumed to be essentially the same as that determined for Mg-CI from 
a small number of x-ray powder intensities at 573 K by Ito et a! (1951), and confirmed 
in the x-ray studies of Mg-Cl at 673 K (Sueno et al 1973), Cr-Cl at room temperature 
(Nelmes and Thornley 1974) and Ni-I at room temperature (Nelmes and Thornley 
1976). The F43c unit cell contains eight formula units. There are six atoms in the 
asymmetric unit: 0(1), I, Ni, B(1), B(2) in special positions with site symmetries res-
pectively 23, 23, 4, 4, 3; and 0(2) in a general position. The number of parameters to be 
determined is eighteen: four positional and fourteen thermal. Refinement was started 
from the values obtained for Ni-I at room temperature (Nelmes and Thornley 1976). 
The full-matrix least-squares program was developed by Dr G S Pawley of this depart-
ment. The coherent neutron scattering amplitudes were taken from the compilation of 
Bacon (1972). The scattering length for the B atoms was allowed to vary; the starting 
value was b = 060 x 1012 cm, given for 11 B. An isotropic extinction parameter was 
Table 2. The final positional and thermal parameters. The positional parameters Xi are given in A. The form of the temperature factor is exp(fJ(H)) where 
II(H) = - B sin 261A2.  for isotropic temperature parameters B, and fJ(H) = - 2m2 UJkH Hk for anisotropic temperature parameters Ujk.  The H are the components 
of the reciprocal lattice vector H, and H 2 = 4 sin9/k. The values of U" and B18 n2  are given as true mean-square displacements in A2 . Errors given are on the 
last quoted place. Parameters given without errors are determined by symmetry. 
Site 
Atom 	symmetry 	X' 	x2 X 3 	U" 	U22 	U33 	U23 	U3 ' 	U 12 B/87 2 
0(1) 	23 	0 	0 0 0.0018(9) 
I 23 3004 	3.004 3004 00046(10) 
Ni 	4 	3.004 3.004 0 	00022(5) 	00022 	00110(7) 	0 	 0 	 0 
4 3004 	0 0 0.0025(9) 0-0027(7) 00027 0 0 0 
3 	0-963(l) 0.963 0963 	&0031 (5) 	00031 	00031 	0-0006(3) 	00006 	00006 
0(2) 	1 2-164(2) 	0.218(l) 1.178 (1) (}0027 (6) 0-0035(6) 	00016 (5) 	—00001 (4) —00004(5) 0-0004(4) 
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also included in the refinement. The form of extinction factor was that used by Cooper 
et a! (1968), based on the theory of Zachariasen (1967) for secondary extinction. That is, 
for each reflection 
F. Y"2Fk 
with 
y = (1 + x* 2) 2 - 
and 
= cF/  sin 20 
where Fk is the calculated kinematic structure factor, Fc the 'extinguished' structure 
factor, 0 the Bragg angle and c the extinction parameter to be determined. Path-length 
variation is neglected. The quantity minimized by the refinement is Lw? ,  where 
Ai =- F I and w 1 = 1/a2(F) is the weight assigned to the ith observation. 
In the 'standard' refinement there are 21 parameters: scale, extinction, b for boron 
and 18 structural parameters. This refinement, with all 150 observations included, 
suggested an inadequate treatment of the extinction, the temperature factors being non-
positive-definite for the 0(2), B(1) and B(2) atoms. This may have resulted from the 
neglect of path-length variation, or from the inadequate treatment of the angle depend-
ence of extinction in the theory of Zachariasen (1967). It is normally assumed that the 
strongest reflections are concentrated at low Bragg angles, but for Ni-I the largest value 
of F'/sin 20 was for the (0, 0, 12) reflection with 0 = 34.6 ' The 13 observations for which 
the allowance for extinction was most uncertain were omitted from subsequent refine-
ments. This gave temperature factors which were positive-definite. To test the suitability 
of the weighting scheme adopted for the remaining 137 reflections, calculations were 
made of wA, the mean value of Lw4 averaged over successive small ranges of F0 
and of sin 0. There should be no systematic variation in this quantity either with F0 or 
with angle. It was found that the strongest reflections were overweighted. The errors 
cr(F0), estimated as in §2, were retained if o(F0)/F0 was greater than 002, otherwise 
a(F0) was set to 002F0 . These modified weights are the ones given in table 1. With these 
changes, there was little variation of2V' with sin 0 or F0. Refinement converged to an 
R index of &034, where R = 
For this refinement, the correction factor on Fk for extinction, y 112 , was >0-95 for 
116 (85 %) of the reflections included and between 085 and 095 for the remaining 21 
(15 %). The scattering length for boron refined to a value of b = 0.640(7) x 10 12 cm. 
The positional and thermal parameters obtained are listed in table 2. The positions of 
the atoms are closely similar to those found for Ni-I at room temperature with x-rays 
(Nelmes and Thornley 1976), apart from the change of scale resulting from the difference 
in lattice parameter. Details of the structure will therefore not be described further. 
4. Mnliilled refinements: pracethare 
The 'standard' refinement of § 3 did not allow any departures from an ordered structure 
with harmonic thermal motion. Its any significant improvement in fit obtained on 
introducing parameters representing such effects? In this section, a description is given 
of parameters representing anharmonic effects (4.1) and disordered displacements 
(§4.2), and the procedure for testing the significance of any of these parameters is outlined 
(§ 4.3). 
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4.1. Higher cumulants 
In the normal treatment of thermal motion in crystallography, the probability density 
function (PDF) describing the time-averaged motion of each atom (treated as an inde-
pendent harmonic oscillator) is a trivariate Gaussian, with the point symmetry of the 
atomic site. The anisotropic temperature factors determined by least-squares refinement 
specify the eigenvalues and eigenvectors of this PDF. Johnson ( 1969, 1970) has extended 
this treatment to include third-order and fourth-order contributions to this PDF, which 
describe anharmonic thermal motion. The modified structure factor expression may be 
written 
F(H) = b, exp(icç(H)) exp(fl r(H)), 
23 where the rth atom at X,. = (X, X, X) has scattering length hr  and, employing the 
summation convention for repeated indices, 
0r(tl) = 27LXH - CJkIHJHkHI, 
13r(1) = — 2n2 U'HJHk +d !lm HjHkH IHm , 	j, k, 1, m = 1. 2, 3. 
The H are the components of the reciprocal lattice vector H and the U coefficients 
describe the harmonic thermal motion of the rth atom. The new sets of coefficients Cjkl  
and describe anharmonic components of the PDF for thermal motion which are 
respectively antisymmetric and symmetric about the mean position X r . The least-
squares program has been modified to allow refinement of these third and fourth 
cumulants in addition to the normal positional and anisotropic thermal parameters 
(first and second cumulants). There are ten c jkl  and fifteen d" cumulant coefficients for 
each atom, but the site symmetry at X, reduces the number of these which are independent 
and non-zero. The symmetry restrictions on these coefficients are given for all site 
symmetries in §5.5 of volume IV (1974) of the International Tables for X-ray Crystallo-
graphy, and for the metal, halogen and B(2) sites in cubic boracites by Nelmes and 
Thornley (1974). 
4.2. Disordered displacements 
We wish to determine how apposite are models in which there is disorder in the positions 
of the I and Ni atoms. The site symmetry for I is 23; along each of the four triads passing 
through this site there is a polar sequence 0(1)—B(2) . . . I... 0(1). It is suggested that 
there is disorder of the I over four sites. each displaced from the mean position along 
one of the triads by a distance 5 away from B((2) towards the second 0(1). For the I atom 
at (a14, a14, a14) the directions of such displacements are [111], [l iii], [fl[] and [111] 
if ö is positive. For Ni, site symmetry 4, the proposed disorder is between two sites 
displaced by a distance y from the mean position along the 4 axis. For the Ni atom at 
(a14, a14, 0) the 4 axis is along the X 3 -axis and the directions of displacement are [001] 
and [001]. 
It is relevant to note here the the RMS displacements corresponding to the thermal 
parameters of the harmonic model without displacements. From table 2, for the isotropic 
I atom it is &068(7) A; for the anisotropic Ni they are 0047(5) and 0.105(7) A respectively 
perpendicular and parallel to the 4 axis. 
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4.3. Significance tests 
The significance of the extra parameters needed to describe these effects was tested 
using the R-factor ratio test of Hamilton (1965). The value of this ratio is = 
where R. = w1A 2  for the 'standard' (constrained) refinement and R ' 	the same 
quantity for the (unconstrained) refinement with extra parameters, the same data set 
being used for the two refinements. For the comparisons, the 'standard' refinement is 
taken to be that with 21 parameters described at the end of § 3. The experimental value 
of 9 is compared with the theoretical distribution (cc) for the appropriate degrees of 
freedom and probability level (Hamilton 1965). Values of () for oc = 050, 025, OiO, 
005, 0025, 0010, 0005 and 0001 were considered. A convenient measure of the 
significance of the extra parameters is the empirical 'factor of scepticism' .9° introduced 
by Pawley (1971) and defined to be .9' = ( - 1)/((001) - 1) where (OOl) is the 1 % 
point of the -distribution for the appropriate degrees of freedom. The smaller the 
value of 9 compared to (0.01), and therefore of 9 1, the less is the justification for the 
introduction of the extra parameters. 
5. Modified refinements: results 
5.1. Iodine: higher curnulants 
For the cubic (23) site symmetry of this atom, anharmonic thermal motion may be 
described by one third-cumulant parameter and two fourth-cumulant parameters. 
Refinements in which these parameters were included did not give significant improve-
ments in fit: for the third cumulant (c 123) 9P <(O5O), .9° = 002; for the fourth 
cumulants 9 <(0.50), .9' = 003. It is particularly noteworthy that the significance of 
the third cumulant is so low, since this describes motion of the atom in a potential with 
tetrahedral symmetry. The sign of c 123 is positive, as found for other cubic boracites; 
this is discussed in §6.2. 
5.2. Iodine: disorder 
The displacement 6 from the symmetry position refined to a value of 0-10(8)A. The 
improvement in fit was again not significant, with M < (050), 9' = 002. There was 
almost complete correlation (coefficient of correlation = — 0.987) between this displace-
ment parameter and the isotropic temperature factor B/87t 2 for I, which dropped in the 
refinement to &0008(62) A 2 . 
5.3. Nickel: higher cumulants 
For the Ni site with 4 symmetry, there are two third-cumulant and five fourth-cumulant 
parameters. The improvement in fit is not significant for the third cumulants ( <.(050), 
.9' = 0•04); however there is a significant improvement on including fourth cumulants 
(.W > (0001), .9' = 1-94). The magnitude of two of the five fourth-cumulant para-
meters was much greater than the other three (d' 111(=d2222) = 0062(13) A4, d3333 = 
0097(24) A4 : other cumulants less than 001 A4), and a further refinement was done 
in which just those two extra parameters were added to the normal 21. This indicated 
a greater significance for those two alone than for all five, with 92 > (000l) and 
.9° = 279. There is considerable correlation (coefficient 09) between these two 
and the corresponding anisotropic thermal parameters—i.e. between U 11 and d1111 
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and between U33 and d3333 . The values of these thermal parameters increase appreciably 
in the fourth-cumulant refinements (U 1 ' changes from 00022(5) to 0.0061(13) A 2 , U33 
from 00110(7) to 0-017(2)A 2 in the refinement with d" and d3333). 
5.4. Nickel: disorder 
It was not possible to make a direct test of the disorder model for Ni by refining the 
displacement parameter y, since the value of y = &15 A determined by von Wartburg 
(1973, 1974) is of the same order as the n.is thermal displacement of 0105 A along the 
axis indicated by the U33 parameter. Correlation prevents refinement of displaced 
atoms vibrating anisotropically; displaced atoms with isotropic thermal motion (or 
with an overall isotropic temperature factor) give an inadequate description of the 
behaviour of the atoms compared to the normal refinement, or the refinement above 
with higher cumulants. 
5.5. Thermal anisotropy of B(2) 
It is of interest to examine the thermal motion of the B(2) atom on a site with 3 symmetry, 
since high anisotropy was found for this atom in cubic Cr-Cl (Nelmes and Thornley 
1974), the amplitude of thermal motion along the triad being much greater than that 
perpendicular to the triad. The eigenvalues for this atom are (U 1' + 2U 23) along the 
triad and (U 1' - U 23) perpendicular to the triad. The anisotropy for Ni-I (see table 2) 
is in the same sense as for Cr-Cl, but of much smaller magnitude. The significance of 
this anisotropy was tested by performing a refinement in which the B(2) atom was 
constrained to have isotropic thermal motion. A comparison was made with an un-
constrained refinement—i.e. the 'standard' refinement of §3. This indicated slight 
significance for the anisotropy, with (0.10) < 9 < (0'05), = 0'47. That is, we can 
only reject at the 10% level the hypothesis that the B(2) atom vibrates isotropically. 
Third and fourth cumulants were not considered for B(2). 
6. Discussion and further refinements 
6.1. Iodine: disorder 
The value determined by von Wartburg (1973, 1974) for the displacement 6 of the dis-
ordered I atoms from their mean position was 6 = 07(1) A. The sense of this positive 6 
displacement is along [111] for the I atom at (a14, a14, a/4)—see §4.2. In the present 
refinement 6 was found to be non-significant and of magnitude 6 = 010(8) A. Even this 
small value is spurious, since the temperature factor, B, for I dropped to zero in this 
refinement: the displacement 6 is effectively representing the normal isotropic thermal 
motion with RMS amplitude 0068 A, as is suggested by the high correlation between 6 
and B. 
We believe the result of von Wartburg (1973, 1974) to be an artefact of the refinement 
of a small data set containing many strong, extinguished reflections; this is discussed 
further elsewhere (Thornley and Nelmes, in preparation). To test this hypothesis, the 
refinement of von Wartburg (1973, 1974) was repeated using our data: that is to say, a 
refinement was carried out using the present measurements but including only the 23 (hhl) 
reflections with the same indices as those measured by von Wartburg (marked f in 
table 1). The nine parameters of the refinement were a scale factor, an extinction para- 
E5 
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meter, four positional parameters, the scattering length of boron, an overall temperature 
factor and the displacement parameter 6 for I. The only difference from the method of 
analysis of von Wartburg (1973, 1974) was including extinction as a variable parameter 
in the refinement, rather than making a correction for extinction before refinement; we 
believe that the former method is to be preferred. 
It is not possible to start the refinement with the I on the 23 symmetry position since 
the derivatives (äF/iX). ./ = 1, 2, 3 are zero for this position. Some initial displacement 
is necessary. With an initial displacement along [111], 6 refined to a value of 0.4(1) A 
along [111]—i.e. the result of von Wartburg (1973, 1974) was reproduced with our data. 
However, if the initial displacement was made along [ITT], towards B(2), 5refmed to 
the same magnitude of 04(1) A in this (opposite) direction; and if the displacement was 
initially along [100], with the I atom constrained to move along [100], a displacement 
of similar magnitude in this direction was obtained. It is apparent that the result of the 
refinement is biased towards the experimenter's expectation, represented by the choice 
of initial displacement. 
It is therefore not valid to relate the direction of this apparent displacement in the 
23-reflection refinement to the I movements in the cubic to orthorhombic transition. 
The maqnitude of 6 is probably a consequence of an inadequate allowance for extinction: 
it so happens the 23 (hhl) reflections used contain a high proportion of the highly-
extinguished reflections. This interpretation is consistent with the fact that in both the 
present 23-reflection refinement and that of von Wartburg (1973, 1974), the overall 
temperature factor was negative; also the slightly smaller 6 obtained here (0.4(1) A as 
against von Wartburg's 0.7(1) A) may be attributable to the better extinction correction 
procedure adopted. 
A repetition of the nine-parameter refinement, with the data-set extended to the 137 
reflections used in the refinements of § 5, gave 0.32(5) A2 for the overall temperature 
factor B and a value for 6 of less than 0.05 A. This 6 is unambiguous in direction but 
insignificant in magnitude. 
6.2. Iodine: third cumulant 
The alternative method of investigation of the thermal motion of the I is to consider the 
refinements with higher cumulants, especially the single c 123 parameter. This parameter 
describes a distortion of the purely harmonic (isotropic) potential well such that the 
potential is softened along [111], [Iii], [liT] and [T1T], and hardened along [iii], 
[lIT], [Ill] and [1T1]—or vice versa, depending on sign. As we have seen above (§ 5.1), 
the significance of the c 123 parameter for I is negligible, showing that any such tetra-
hedral distortion of the isotropic (harmonic) potential is very small. Though there is a 
physical distinction, there is clearly a close similarity between the description of the I 
distribution given by B (the isotropic temperature factor) and c'23, and that given by B 
and 6. In fact, as seen in § 5.1 and § 5.2, it was not possible to distinguish between these 
two models: both gave the same small insignificant improvement of fit (.9' = 0.02). 
However, there is a difference between this third-cumulant refinement and one in which 
the parameter 6 is refined directly, since the cuinulant c123 may be refined from a starting 
value of zero. The sign of c123 for I determines whether the softening of the potential is 
along [111] or [Ill] –and their respective related directions (see above). It has been 
found that the softening occurs along [I 11] in cubic Cr-Cl (Nelmes and Thornley 1974: 
see figure 2 of that paper) and in cubic Ni-I (Nelmes and Thornley 1976 and present 
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work). This is an agreement with the direction of the displacements in the suggested 
disorder model for I, but the significance of the effect is low (Cr-Cl) or negligible (Ni-I), 
just as for the refinements in which 6 was determined directly. 
6.3. Nickel 
For Ni, the amplitude of thermal motion is much greater along the 4 axis than per -
pendicular to it, with U33/U" = 5(1) (see table 2). Such anisotropy has been found for 
the metal atoms in other cubic boracites, and led to the suggestion of the y-type disorder 
described above. The significant improvement in fit on including fourth cumulants 
shows that it is possible to give a better description of the thermal motion than is 
provided by the conventional description with (harmonic) anisotropic temperature 
factors alone. However, the values obtained do not support the suggestion of a model 
with disorder. As was found for Ni at room temperature (Nelmes and Thornley 1976), 
the fourth cumulants describe a potential along the tetrad that rises more sharply than 
a harmonic potential (distortion to a double-minimum well would require the opposite 
effect). Unlike Ni-I at room temperature, however, there is considerable correlation 
between the fourth cumulants and the corresponding anisotropic thermal parameters. 
This may be a consequence of the smaller magnitude of the maximum reduction in 
structure factor as a result of thermal motion (smaller thermal parameters and more 
limited data set for the present refinement). Over such a limited range, the effect of the 
fourth-order cumulants will be similar to that of the second-order anisotropic tempera-
ture factors. 
6.4. B(2) thermal motion 
The low-significance anisotropy of thermal motion of the B(2) atom suggests a possible 
difference between chlorine and iodine boracites. The results obtained for thermal 
anisotropy of B(2) in the cubic boracites studied to date are summarized in table 3. 
Table 3. Anisotropy of B(2) thermal motion in cubic boracites. 
Mean square amplitude of thermal motion (A 2) 
Boracite 	 Along triad 	Perpendicular to triad 
Mg-CI (673 K) 0-029(3) 0-007(2) 
Sueno et a! (1973) 
Cr-Cl (293 K) 0-021(l) 0-003(l) 
Nelmes and Thornley (1974) 
Cu-CI (390K) 0020(1) 0.00](1) 
Thorn ley et a! (1976) 
Ni-I (291 K) 
Nelmes and Thornley (1976) 0-011(2) 0,0050) 
Ni-I (77 K) 0-0043(8) 0-0025(6)  
Present work 
The amount of the anisotropy is less in Ni-I, both at 77 K and at 291 K, than in the 
three chlorine boracites, for which the RMS amplitude along the triad is unusually high 
14-017 A). 
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7. Conclusion 
The immediate stimulus of the work described here was the need to re-examine the only 
definite claim in earlier work to have resolved separated minima for the metal and 
halogen atoms in a cubic boracite. We have concluded that the separations reported 
were an artefact of the analysis in the case of the metal and of the patticular data set 
measured in the case of the halogen. It cannot be stated that there is no disorder. But 
there now remains no structural study of a cubic boracite for which it is necessary to 
postulate disorder of the metal and halogen atoms in order to explain the experimental 
results. 
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STRUCTURAL STUDIES OF Cu-CI--BORACITE 
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Department of Physics, University of Edinburgh, Mayfield Road, Edinburgh EH9 3JZ, Scotland 
(Received September 22, 1975) 
The crystal structure of the improper ferroelectric Cu3 B 7 0 1 3C1 has been determined in its orthorhombic phase with 
x-rays at room temperature and in its cubic phase with neutrons at 390 K. The relationship between the structures is 
discussed. 
Iloracites have genera] formula M 3 B 7 0 13 X where M 
s a divalent metal and X a halogen or chalcogen: 
specific boraciteS will be referred to as MX, for example 
CuCI for the title compound. There is a transition of 
the improper ferroelectric type in most boracites.' 
lite symmetry changes from cubic, space group 
/•3c(Td 5 ), to orthorhombic, space group Pca21(C), 
with a doubling of the primitive cell volume. The 
crystal structure of CuCl has been determined (i) in 
the orthorhombic phase using x-rays at room tempera-
ture from a single domain sample and (ii) in the cubic 
phase using neutrons at 390 ± 2 K from a ' B enriched 
sample. 
Some details of the experiments follow, those for 
the cubic phase being given in brackets after those for 
the orthorhombic phase. The measured lattice para-
meters were a = 8.480(2), b = 8.440(2), c = 11.968(3) 
A Ia = 12.025(5) Al. After averaging over symmetry-
idated reflections, the number of independent obser-
vations was 1652 [130] . Least-squares refinement was 
started from the positions obtained for orthorhombic 
MgCl2 [cubic CrC1 3 1 . For both phases, some of the 
strongest reflections were omitted during the final 
stages because of appreciable extinction; a parameter 
describing isotropic secondary extinction was included 
in the least-squares refinement. The final R index was 
0.035 [0.0351. 
CUBIC PHASE 
The positional and thermal parameters obtained are 
given in Table I. The structure is essentially that deter-
mined for other cubic boracites: CrCl, 3 MgCI4 and 
Nil.' A detailed description is given in the paper on 
CrCI.3  There is a continuous three-dimensional frame-
work of boron and oxygen atoms, interpenetrated by 
Cu-Cl-Cu chains directed along the three cubic axes 
and intersecting at Cl. The 0(1) atom at the origin is 
surrounded tetrahedrally by the four B(2) atoms of the 
formula unit; this 0B 4  coordination is found in no 
other borate structure. Each B(2) is in an 0B0 3 group 
TABLE I 
Cubic Cu 3 B 4 O13C1: Positional and Thermal Parameters 
Atom 
Fractional Coordinates 
X 	Y 	Z 
U1 1 or B 
U23 
U22 	U33 
U31 U 12 
Cl 11 A j 1.93(10) (U=0.024(1)) 
0(1) 0 0 0 0.65(10) (U = 0.0080)) 
Cu 0 0.0043(9) 0.0043 	0.0409(23) 
0 0 	0 
0(2) 0.1811(1) 0.0184(1) 0.1000(1) 0.0022(6) 0.0050(7) 	0.0036(16) 
0.0019(4) -0.0008(6) 	0.0016(5) 
B(1) * 0 0 0.0036(12) 0.0030(11) 0.0030 
0 0 	0 
8(2) 0.0814(1) 0.0814 0.0814 0.0072(7) 0.0072 	0.0072 
0.0064(5) 0.0064 0.0064 
U's are (components of) principal mean-square displacements in A 2 
Parameters without errors are determined by symmetry. 
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bonded to one 0(1) and three 0(2) atoms; this is inter-
mediate between the usual planar three-fold and tetra-
hedral four-fold B-0 coordination. The three B(1) 
atoms are in tetrahedral B0 4 groups with 4 symmetry. 
Each Cu atom, at a site with 4 symmetry, is coordina-
ted by four 0(2) atoms which form a very flattened 
tetrahedron and by two Cl atoms along the tetrad (see 
above). The thermal motion of the Cu atom is highly 
anisotropic: the ratio of U 33 (amplitude along 4) to 
U11  (perpendicular to 4) is 9(2). The Cl atom has high 
isotropic thermal motion. A further refinement was 
done in which anharmonic thermal motion was allowed 
for this atom, i.e. the atom was assumed to move in a 
potential with tetrahedral (43nz) symmetry. The para-
meter describing this anharmonic motion was signifi-
cant at the 99% level, using the R-factor ratio test;6  
the effect was in the same sense but appreciably larger 
than that found in cubic CrC1 3 and Nil.5 
ORTHORHOMBIC PHASE 
The positional parameters obtained are given in-Table 
II; the notation for the atoms indicates the relationship 
TABLE 11 
Orthorhombic Cu 3 13 7 0 1 30: Positional Parameters 
Atom X 
Fractional Coordinates 
Y 	 Z 
CI 0.5165(1) 0.0042(3) 0.2569 
Cu! 0.5062(1) 0.0005(1) 0.9871(1) 
Cu2 0.2419(1) 0.7304(1) 0.2524(2) 
Cu3 0.2408(1) 0.2713(1) 0.2508(2) 
B(1)1 0.2479(8) 0.7449(14) 0.4969(11) 
B(1)2 0.0040(5) 0.9988(12) 0.2488(4) 
B(I )3 0.2509(7) 0.2528(13) 0.5025(8) 
B(2)l 0.0038(5) 0.1549(8) 0.4203(11) 
B(2)2 0.0031(5) 0.8441(9) 0.4196(10) 
B(2)3 0.1577(4) 1.0001(8) 0.5749(3) 
B(2)4 0.1998(5.) 0.0020(7) 0.1004(4) 
0(1)- -0.0164(3) 0.001 5(6) -0.0092(3) 
0(2)1 0.0796(4) 0.7201(4) 0.4814(3) 
0(2)2 0.1652(3) 0.2053(4) 0.3990(3) 
0(2)3 0.0824(4) 0.8749(4) 0.3157(3) 
0(2)4 -0.0813(4) 0 2746(4) 0.4818(3) 
0(2)5 -0.1624(3) 0.8101(4) 0.4031(3) 
0(2)6 -0.0765(3) 0.1138(4) 0.3176(3) 
0(2)7 0.3722(3) 0.4163(4) 0.6837(3) 
0(2)8 0.2923(4) 0.6625(4) 0.6039(3) 
0(2)9 0.2824(3) 0.9155(4) 0.5180(3) 
0(2)10 0.1110(3) 0.9189(4) 0.6764(3) 
0(2)11 0.1998(4) 0.1620(4) 0.5979(3) 
0(2)12 0.2116(3) 0.4191(4) 0.5215(3) 
- During refinement the Z coordinate of Cl was fixed. At the 
end of refinement the origin of Z was chosen such that the 
mean displacement of the twelve 0(2) atoms from their posi-
tions in the cubic phase was zero along Z. 
TABLE 111 





along orthorhombic axes: A 
AXO 	£Y0 	AZO 
Cl 0.17 ( 	 0.14, 0.03, 	0.08) 
0(1) 0.18 (-0.14, 0.01, 	-0.11) 
B(2)4 0.39 ( 	 0.31, 0.02, 0.23) 
 0.16 ( 	 0.05, 0.00, 	-0.15) 
 0.18 (-0.07, -0.16, 0.03) 
 0.20 (-0.08, 0.18, 	0.01) 
with the cubic structure. The positioning of the origin 
along Z is arbitrary for Pca2 : the choice made is 
described in Table 11. With this choice of origin, the 
magnitudes of the principal atomic displacements from 
the cubic positions are given in Table III, together with 
their components (.X 0 , 1Y0 , 7-0 ) along the ortho-
rhombic axes for the positions given in Table II. The 
displacements for Cl, 0(1) and B(2)4 are mostly along 
one of the triads of the cubic phase; the condition for 
this is AX o  = V2z.Z0 , LY 0  = 0: 0(1) moves in the 
direction opposite to Cl and B(2)4 (Compare Figure 
2 of Dowty and Clark' for a trigonal boracite analogue). 
The 0134 and 0B0 3  groups are lost as in orthorhombic 
MgCl 2  ; only three of the B(2) atoms remain bonded to 
the 0(1) atom, forming slightly distorted tetrahedral 
B0(1)0(2) 3  groups: the remaining B(2) atom, B(2)4 
is three-fold coordinated to 0(2) atoms. 
The high anisotropy of the Cu thermal motion in 
the cubic phase suggests displacements along the cubic 
axes for the three Cu atoms Q001 	[1101, [1101 for 
Cu(l), Cu(2) and Cu(3) respectively on the ortho-
rhombic axes). But the values in Table III show that 
this is only approximately satisfied. Indeed, the Cu 
atoms retain the orientation and much of the magni-
tude of the cubic-phase thermal anisotropy: for each 
Cu atom the largest amplitude (average magnitude 
0.0161 A2 ) is along a direction within a few degrees 
of the original cubic axis while the average of the 
other six principal amplitudes is the much smaller 
0.0036 A2  (compare Table 1). The environments of the 
three Cu atoms are similar to each other, as found for 
MgCI. 2  However, in orthorhombic Fel, two distinguish-
able Fe sites were detected in Mössbauer studies. 8 
This difference between Fel and CuCI is confirmed by 
a recent study we have made of the crystal structure 
of orthorhombic Fel: the Fe displacements give a 
somewhat different atomic arrangement around Fe( 1) 
from that around Fe(2) and Fe(3). Detailed accounts 
of that study of Fel and the present studies of CuCI 
are in preparation. 
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RECENT STRUCTURAL STUDIES OF THE KH 2PO4 -KD2 PO4 
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The tetragonal crystal structure of KDP has been determined by neutron diffraction at 127 K. The results are com-
pared with those for KDP and DKDP at room temperature. Preliminary investigations by neutron powder diffraction 
of the tetragonal monoclinic transition in high-dcuteration DKDP are also reported. 
Crystals of the KH 2 PO4 (KDP) and KD2 X I-12 ( I . x )PO4 
(DKDP) type are hydrogen-bonded ferroelectrics in 
which the hydrogen (deuterium) atoms are believed 
to play a central role in the tetragonal (142d) - 
orthorhombic (Fdd2) ferroclectric transition. Import-
ant changes of structure are obtained both on varia-
tion of deuteration level and of temperature. Further 
neutron structural studies of the effect of these varia-
tions in the KDP-DKDP and ispmorphous systems 
have been carried out. 
Inelastic neutron scattering, Raman scattering and 
other investigations of the dynamics of the ferro-
electric phase transition in KDP, DKDP (and all the 
isomorphous compounds) have long depended solely 
on the KDP.parameters determined by Bacon and 
Pease. 1 ' 2  For the tetragonal phase these have now 
been supplanted by more recent work' - ' on KDP 
and DKDP (x = 0.88(1)) at room temperature: small 
but important changes with deuteration were found. 
Three-dimensional neutron data have now been 
collected from a single crystal of KDP at T + 5 K 
(127 K). The results will be compared with those 
obtained from KDP and DKDP at room temperature. 
It is known that for x 0.98 a monoclinic form 
of DKDP crystallizes at room temperature and that 
tetragonal DKDP (x <0.95) passes to a closely similar 
form on heating to —400 K. 6  The room-temperature 
monoclinic structure has been determined. 7 ' 8  A pro-
gramme of neutron powder diffraction studies of the 
tetragonal monoclinic transition has been started, 
and the results so far obtained will be discussed. 
Neutron data collection in the tetragonal phase at 
127 K, 5 K above the ferroelectric phase transition, has 
been completed. The single-crystal specimen, obtained 
from R.R.E., Malvern, was ground to a sphere of 
diameter 3 ± I mm. The measured cell dimensions 
were a = 7.413(2)A,c = 6.918(2) A. The experiment 
was performed at A.E.R.E. Harwell, using normal. 
beam inclination geometry. The neutron wavelength 
was 0.871 A; measurements were made of 362 in-




FIGURE 1 The hydrogen bond in KDP. The bond is viewed 
down the X axis and has a two-fold symmetry axis (diad) at 
its centre (X, b14, c18). The open circles denote the oxygen 
atoms. A and B are the sites of the two "hair' hydrogen 
atoms in the double-minimum potential well (disorder) 
model. The line AB is the direction of the principal thermal 
motion for the single-minimum (order) model, in which the 
hydrogen lies on the diad. A is the distance from A to B. The 
approximate location of the phosphorus to which each 
oxygen is attached is indicated: the X coordinate of the 
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Current techniques of constrained least-squares 
refinement and significance testing 9 were used to 
determine the statistical significance of certain 
structural features. For example, to answer the 
question "Does the phosphorus have anisotropic 
thermal motion?" the structure is first refined with 
the phosphorus isotropic, then with this constraint 
removed. The level of significance of the improvement 
in fit is then obtained from the known probability 
distribution, 	for the ratio of the "goodness of 
fit" indices of the two refinements. There is not a 
strict connection between statistical and physical 
significance. Pawley 9 suggested an empirical approach 
to this problem. The ratio is defined as = 	- 1)! 
((0.0l) - 1) where . (0.01) is the 0.01 point of 
the ,q distribution for the appropriate degrees of 
freedom.' ° Experience suggests that if <2 any 
difference found may not be physically significant. 
The parameters describing the hydrogen bond in 
tetragonal KDP and DKDP are defined in Figure 1. 
The constraints which were tested and the signific-
ance levels found for their rejection are given in 
Table I, together with the corresponding results for 
KDP and DKDP (x = 0.88) at room temperature. 5 
It is seen that 
Z (oxygen) :?L c18 (the level of significance, ci, 
is less than 0.001: i.e. it is greater than 99.9% probable 
that Z(0) *c/8). The value of 	36 is > 2. 
The separation of the hydrogen atoms onto two 
sites is very highly significant (well above 99.99o' level: 
=27). 
It is 99.9% probable that the hydrogen does 
not lie on the oxygen-oxygen line, although has the 
marginal value of 1.7. 
It is greater than 99.9% probable that the 
thermal motion of the potassium and phosphorus 
atoms is not isotropic ( = 4.1 and 12 respectively). 
It is clear that the double-minimum (disorder) 
model for the hydrogen is strongly preferred. The 
TABLE I 
TABLE II 
Positional parameters for KDP at 127 K: in A units 
Atom 	 Y 	 Z 
K 	 0 0 3.459 
P 0 0 0 
0 	1.108(1) 0.615(1) 0.877(1) 
H 1.108(2) 1.681(2) 0.842(6) 
final positional parameters for the unconstrained 
disorder model are given in Table 11. 
From these parameters some dimensions of the 
hydrogen bond have been calculated, and in Table III 
these are compared with the corresponding values for 
KDP and DKDP (x = 0.88) at room temperature. 5 
From Table IILwe see as expected that the H-H 
distance and the 0-0 distance are both shorter in the 
low-temperature experiment, although the H-0 
distance does not change significantly. The ratio of 
the H-H to the 0-0 distance decreases with decreas-
ing temperature by 8(3)%. There is a significant in-
crease in the value of 4)  which is not significantly 
non-zero at room temperature, whereas U does not 
alter within error. The anisotropy of the phosphorus 
thermal motion appears to increase significantly with 
decreasing temperature (Table I). 
Three-dimensional neutron data have also been 
collected from tetragonal Rb 1l 2 PO 4 at 7 + 5 K as 
part of the investigation of materials isomorphous to 
KDP. A similar analysis to that described above is be-
ing carried out. 
On both increasing temperature 6 and deuteration 
level a rnonoclinic phase is reached: the structures 
are closely similar. 6 ' The high-deuteration room- 
temperature monoclinic structure" has been confirmed 
and the deuterium atoms accurately located with 
neutron data from a single crystal of DKDP with 
x > 0.98.8 A programme of neutron powder experi-
ments to investigate the tetragonal-nionoclinic 
transition is in progress. Diffraction powder profiles 
Tested constraints TABLE III 
KDP(TC + 5 K) KDr(R.T.) DKDP(R.T.) 
Hydrogen bonding in KDP and DKDP 
Constraint a r a of 
- Structural features KDP(T + 5 K) KDP(R.T.) DKDP(R.T.) 
Z(0)c/8 40.001 36 0.14 0.16 
(i.e. 4, = 0) H-H distance A 0.349(2) 0.38(1) 0.448(2) 
H ordered < 0.001 27 <0.001 0.001 0-0 distance A 2.477(1) 2.494(2) 2.523(2) 
Hon 0-0 line 0.001 1.7 0.002 0.13 H-0 distance A 1.066(1) 1.060(5) 1.040(1) 
(i.e. 8 +0=0) Ratio F1-1I/0-0 0.141(1) 0.153(4) 0.177(1) 
K isotropic < 0.001 4.1 < 0.001 - 0 degrees 8(2) 9(3) 8(4) 
P isotropic <0.001 12 0.07 - 0 degrees 0.6(2) 0.1(1) 0.43(4) 
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have been measured, using the PANDA powder 
diffractometer at A.E.R.E. Harwell, for tetragonal 
and monoclinic DKDP at room temperature and for 
orthorhombic DKDP at 4 K. While there are only 
small differences between the tetragonal and ortho- 
rhombic profiles, there are striking differences between 
these and the monoclinic powder profile. The detec-
tion of the tetragonal 	monoclinic transition on 
varying the temperature should thus be possible. 
A monoclinic DKDP powder was slowly cooled 
from room temperature to 6 K while sections of the 
profile were repeatedly scanned. No change to either 
a tetragonal or an orthorhombic phase was observed. 
Thus at high deuteration the monoclinic phase is stable, 
or at least metastable (the experiment took 7 days), 
down to 6 K. The complete monoclinic profile was 
recorded at 77 K and 6 K. Starting from the room-
temperature monoclinic structure, 8 the data from 
the experiment at 77 K have been refined using the 
Rietveld powder profile refinement program" as 
modified by Hewat.' 2 The iefinement converged to 
an R index of 0.10 on varying only the zeropoint, 
scale factor, halfvidth parameters and cell dimensions 
(a = 7.439(l), b = 14.626(2),c = 7.090(1)A and 
13 = 92.28(1)0 ). The calculated and observed profiles 
were in very good agreement. 
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